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Hi David,
I am forwarding to you materials in preparation for the CAST meeting on the
formaldehyde assessment.  I intend to invite our entire team to this first meeting
unless there is a reason why we all should not attend.

1. Agenda

2. Bulleted list of issues we are addressing in the assessment for future CAST
discussions.

This is a draft that I am constantly revising and adding explanatory details to so
this is it's current state.  The purpose to is provide background for the issues
discussed by the NAS panel and highlight issues for future CAST discussions.  The
draft Response to NAS Comments that I forwarded previously summarizes these
issues and our response more completely.

3. Draft table summarizing scope of response to NAS report recommendations for
IRIS program.

4. Draft synthesis of evidence and WOE from epidemiological literature on
lymphohematopoietic cancers.

This will be the focus of this first meeting. Please be aware that this is a rough
draft and our team will be discussing it for the first time this Wednesday.  The
Team likely will identify significant issues and discussion questions that we will
bring to the CAST the next day.

I forward to this first meeting. 
Regards, Barbara

Barbara S. Glenn, PhD  |  703-347-8658
National Center for Environmental Assessment
U.S. Environmental Protection Agency
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IRIS Implementation of NRC Recommendations

Background: In order to comply with the direction outlined below in the House Rider language, the following worksheet has been developed to be used for each assessment to document how the NAS recommendations have or have not been implemented.  The IRIS program’s implementation of the NRC recommendations is following a phased approach and will continue to evolve as we move forward.   Note that the list in the worksheet is verbatim from the NAS report. Responses in the worksheets will be discussed within the Chemical Assessment Support Teams in order to provide consistency across assessments.



Phase 1 of implementation has focused on a subset of the short-term recommendations, such as editing and streamlining documents, increasing transparency and clarity, and using more tables, figures, and appendices to present information and data in assessments.  Phase 1 also focused on assessments near the end of the development process and close to final posting.  The IRIS Program is now in Phase 2 of implementation, which addresses all of the short-term recommendations from Table 1.  The program is implementing all of these recommendations but recognizes that achieving full and robust implementation of certain recommendations will be an evolving process with input and feedback from the public, stakeholders, and external peer review committees.  EPA will soon publicly release two draft IRIS assessments that represent a major advancement in implementing the short-term NRC recommendations (recommendations from Table 1).  Phase 3 of implementation will incorporate the longer-term recommendations made by the NRC (recommendations from Table 2).



This phased approach is consistent with the NRC’s “Roadmap for Revision” as described in Chapter 7 of the formaldehyde review report.  The NRC stated that “the committee recognizes that the changes suggested would involve a multi-year process and extensive effort by the staff at the National Center for Environmental Assessment and input and review by the EPA Science Advisory Board and others.”



To respond to the NRC recommendations, and as part of Phase 2 of implementing them, draft IRIS assessments released in fiscal year 2012 will be:

· Shorter, more concise and visual, with more graphs and tables used to represent data.

· Clearer and more transparent with respect to data, methods, and decision criteria used.



These assessments will also include a template for description of the literature search approach and will be linked to the Health and Environmental Research Online (HERO) database, to capture study information and relevant quantitative data.



IRIS FY2012 Appropriations Rider language:

“The Agency shall incorporate, as appropriate, based on chemical-specific datasets and biological effects, the recommendations of Chapter 7 of the National Research Council’s Review of the Environmental Protection Agency’s Draft IRIS Assessment of Formaldehyde into the IRIS process…For draft assessments released in fiscal year 2012, the Agency shall include documentation describing how the Chapter 7 recommendations of the National Academy of Sciences (NAS) have been implemented or addressed, including an explanation for why certain recommendations were not incorporated.”


IRIS assessment:  Formaldehyde                           Chemical Manager:   Barbara Glenn                                     Date: April 16, 2012

		Table 1. National Research Council recommendations that EPA is implementing in the short term

		Implemented or partially implemented?

(describe and include page #s)

		Other comments



		General recommendations for completing the IRIS formaldehyde assessment that EPA will adopt for all IRIS assessments (p. 152)

1. To enhance the clarity of the document, the draft IRIS assessment needs rigorous editing to reduce the volume of text substantially and address redundancies and inconsistencies.  Long descriptions of particular studies should be replaced with informative evidence tables.  When study details are appropriate, they could be provided in appendices.

		Implemented through document structure, synthesis text and tables

		



		2. Chapter 1 needs to be expanded to describe more fully the methods of the assessment, including a description of search strategies used to identify studies with the exclusion and inclusion criteria articulated and a better description of the outcomes of the searches and clear descriptions of the weight-of-evidence approaches used for the various noncancer outcomes.  The committee emphasizes that it is not recommending the addition of long descriptions of EPA guidelines to the introduction, but rather clear concise statements of criteria used to exclude, include, and advance studies for derivation of the RfCs and unit risk estimates.

		Implemented

		



		3. Standardized evidence tables for all health outcomes need to be developed.  If there were appropriates tables, long text descriptions of studies could be moved to an appendix of deleted.

		Implemented

		Study summaries are deleted



		4. All critical studies need to be thoroughly evaluated with standardized approaches that are clearly formulated and based on the type of research, for example, observational epidemiologic or animal bioassays.  The findings of the reviews might be presented in tables to ensure transparency.  

		Implemented; criteria presented in background/preface; study quality tables for epidemiology & experimental studies

		



		5. The rationales for the selection of the studies that are advanced for consideration in calculating the RfCs and unit risks need to be expanded.  All candidate RfCs should be evaluated together with the aid of graphic displays that incorporate selected information on attributes relevant to the database.

		Implemented; Rationale will be developed; cRfCs developed & presented graphically

		



		6. Strengthened, more integrative, and more transparent discussions of weight of evidence are needed.  The discussions would benefit from more rigorous and systematic coverage of the various determinants of weight of evidence, such as consistency.

		Implemented; WOE considerations presented in preamble & preface; WOE discussions organized by considerations

		








		General Guidance for the Overall Process (p. 164)

7. Elaborate an overall, documented, and quality-controlled process for IRIS assessments.

		These recommendations are being addressed across the IRIS Program and are not chemical-specific. No need to respond.



		8. Ensure standardization of review and evaluation approaches among contributors and teams of contributors; for example, include standard approaches for reviews of various types of studies to ensure uniformity.

		



		9. Assess disciplinary structure of teams needed to conduct the assessments.

		



		Evidence Identification: Literature Collection and Collation Phase (p. 164)

10. Select outcomes on the basis of available evidence and understanding of mode of action.

		Implemented

		



		11. Establish standard protocols for evidence identification.

		Not implemented

		Many lit searches have been done by contractor and individual authors; documentation is sparce



		12. Develop a template for description of the search approach.

		Search approach is described, not standardized

		



		13. Use a database, such as the Health and Environmental Research Online (HERO) database, to capture study information and relevant quantitative data.

		Partial; document will be linked to HERO; study data are not indexed

		



		Evidence Evaluation: Hazard Identification and Dose-Response Modeling (p. 165)

14. Standardize the presentation of reviewed studies in tabular or graphic form to capture the key dimensions of study characteristics, weight of evidence, and utility as a basis for deriving reference values and unit risks.

		Implemented; all studies are included in study summary tables or there is an explanation why not. Graphical displays summarizing the evidence are included for many endpoints within health domains.

		



		15. Develop templates for evidence tables, forest plots, or other displays.

		Partially implemented. Tables are standardized across discipline (epidemiology: cancer and noncancer), toxicology)

		



		16. Establish protocols for review of major types of studies, such as epidemiologic and bioassay.

		Partially implemented: Major study types are evaluated in the same way across health domains, but a defined protocol was not established.

		



		Selection of Studies for Derivation of Reference Values and Unit Risks (p. 165)

17. Establish clear guidelines for study selection.

		We will establish clear guidelines.

		



		a. Balance strengths and weaknesses.

		

		



		b. Weigh human vs. experimental evidence.

		

		



		c. Determine whether combining estimates among studies is warranted.

		

		



		Calculation of Reference Values and Unit Risks (pp. 165-166)

18. Describe and justify assumptions and models used. This step includes review of dosimetry models and the implications of the models for uncertainty factors; determination of appropriate points of departure (such as benchmark dose, no-observed-adverse-effect level, and lowest observed-adverse-effect level), and assessment of the analyses that underlie the points of departure.

		Intend to implement

		



		19. Provide explanation of the risk-estimation modeling processes (for example, a statistical or biologic model fit to the data) that are used to develop a unit risk estimate.

		Implemented

		



		20. Provide adequate documentation for conclusions and estimation of reference values and unit risks. As noted by the committee throughout the present report, sufficient support for conclusions in the formaldehyde draft IRIS assessment is often lacking. Given that the development of specific IRIS assessments and their conclusions are of interest to many stakeholders, it is important that they provide sufficient references and supporting documentation for their conclusions. Detailed appendixes, which might be made available only electronically, should be provided when appropriate.

		Intend to implement

		







		Table 2. National Research Council recommendations that EPA is implementing in the long-term

		Implemented or partially implemented?

(describe and include page #s)

		Other comments



		Weight-of-Evidence Evaluation: Synthesis of Evidence for Hazard Identification (p. 165)

1. Review use of existing weight-of-evidence guidelines.

2. Standardize approach to using weight-of-evidence guidelines.

3. Conduct agency workshops on approaches to implementing weight-of-evidence guidelines.

4. Develop uniform language to describe strength of evidence on noncancer effects.

5. Expand and harmonize the approach for characterizing uncertainty and variability.

6. To the extent possible, unify consideration of outcomes around common modes of action rather than considering multiple outcomes separately.

		

		Implementation of these recommendations are under development and are not chemical-specific issues. No need to respond unless your dataset is amenable to implementing #6.



		Calculation of Reference Values and Unit Risks (pp. 165-166)

7. Assess the sensitivity of derived estimates to model assumptions and end points selected. This step should include appropriate tabular and graphic displays to illustrate the range of the estimates and the effect of uncertainty factors on the estimates.

		Partially implemented

		No need to respond unless your data are amenable to implementation.
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Issues Relevant to Revision of the Formaldehyde Assessment: for CAST discussions





· Hazard Evaluation for Cancer

· WOE by cancer site and type

· LHP by subtype 

· Decisions for selecting subtype level (e.g., 3 number ICD code)

· Presentation of evidence and portrayal of study quality evaluation

· Decisions on causal classifications

· Respiratory by location (nasopharyngeal, sinonasal, other URT, lower respiratory tract



· Systemic Toxicity

· Characterization of biological plausibility and MOA

· Discussions of endogenous production of FA –implications for uncertainty in estimation of relevant dose and in extrapolation of risk

· Implications of the lack of evidence of systemic availability of formaldehyde.



· Formaldehyde in Exhaled Breath

· A new study by Riess et al. (2010) shows that humans breathing formaldehyde-free air exhale <0.5 ppb formaldehyde.  Some groups have relied on earlier methodologically weak studies to suggest that draft RfC and IUR are at concentrations comparable to exhaled formaldehyde concentrations.



· Dose response modeling of the rat cancer bioassay data on nasal tumors

· The NAS panel recommended that “EPA use the BBDR model for formaldehyde in its cancer assessment, compare the results with those described in the draft assessment, and discuss the strengths and weaknesses of each approach.” (As background we note that EPA extensively evaluated the use of a biologically-based dose-response model for extrapolating risk from the observed rodent data, and decided to use the results of the above model and its variations for calculating points of departure based on the internal dose of formaldehyde.) 

· EPA has presented additional sensitivity analyses (Figures 5-10, 5-11, Section 5.3.2 and Appendix F), and brought forward some details from the Appendices (Figure 5-5, 5-6, 5-7, 5-9) into the body of the main document in response to NAS comments.  Along with the uncertainty and variability analyses presented in the draft document, the overarching purposes of  EPA’s analyses are three-fold: 1) to examine if results from the Conolly et al. modeling, or alternate implementations of those models, are reliable for use in extrapolation, 2) to characterize these uncertainties in a manner that allows for calculating a reasonable upper bound risk estimate, and 3) to examine the impact of these uncertainties and variability on inferences regarding formaldehyde’s mode of action. These goals are represented in Figure 5-2 (and A-1) which represents EPA’s decision tree for use of BBDR modeling in this assessment. Further deliberation of this flowchart is provided in response to other related NAS comments that follow.	Comment by Barbara Glenn: This was formerly section 5 but is now in section 2 (renumbering pending).

· Does the decision tree, presentation of cancer risk estimates from the sensitivity analyses, and additional details in the main body of the draft address the NAS panel’s concerns about transparency?

· Does the draft now clearly and adequately explain why EPA did not use the BBDR model for low dose extrapolation for humans below the POD?

· Is the presentation of the revised sensitivity analyses involving adjustments to the parameter, replication rate of initiated cells, clear?  Does the revised sensitivity analysis adequately address the criticisms offered by the NAS panel, that EPA used conservative assumptions to push the model to produce extreme results?



· Study quality: 

· Several human and animal chamber studies were performed using formalin , which contains 10-14% methanol.  Most of these studies did not include a methanol-only control.  Because of co-exposure to formaldehyde and methanol, how should these studies be discussed and interpreted in terms of the characterization of formaldehyde hazard for the following health endpoints?

· Developmental/Reproductive

· Immune system

· Neurotoxicity/Behavioral effects

· Respiratory tract irritation

· Pulmonary function

· Respiratory pathology

· Considerations: 

· Are the unmeasured methanol concentrations in air predictable? 

· Would we expect the methanol concentrations to be present at levels associated with the health effects of interest?

· Did the toxicological review for methanol find concern for these endpoints?

· What are the attributes of an uninformative study (that we would exclude from hazard evaluation)?

· Epidemiology studies have been downgraded or excluded for the following reasons: 

· Controlled human exposure studies did not randomly assign the order of exposure levels

· Observational studies involved correlated co-exposures and formaldehyde effects could not be disentangled (if associations were observed)

· Information in study led to concerns for spurious associations (categorized as 2B, included in tables but given little or no weight).

· Toxicology studies have been downgraded or excluded for the following reasons:	Comment by Barbara Glenn: Reasons forthcoming

· Candidate RfCs

· Is it clear why we selected studies to carry forward and develop cRfCs?

· Although the revision does not quantify RfCs based on human controlled exposure studies as recommended by the NAS, is the draft rationale clear and adequate?



· Cancer Unit Risks

· Update of Hauptmann et al. (2004)

· LHP cancer diagnoses

· Model validation

· Poisson dose-response models for NPC, leukemia, Hodgkin lymphoma mortality for model fit (especially low dose range) and covariate interactions with formaldehyde.

· Conduct alternative dose-response modeling  (Cox regression or alternative nonlinear functional forms)

· Propagation of uncertainty and variability in estimates



Streamlining, tables, graphics

· Tables

· Study summary tables in main body, proximate to text

· Do tables clearly convey study details?

· Do our study quality tables adequately convey our conclusions regarding quality?

· Do graphs effectively present intended messages?

· Text

· Does text convey how we weighed studies and their contribution to WOE?

· 
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Formaldehyde Chemical Assessment Support Team Meeting Agenda


Date and Time: April 26, 2012, 3 – 4 pm

Location: N7100

Call-in #:

Your CAST CORE team consists of:



Vincent Cogliano
Primary 



 Jamie Strong      
Secondary



Ted Burner

Statistician



 David Szabo

Rapporteur

Formaldehyde Chemical Manager: Barbara Glenn


A. Introduction and Role call (led by David Szabo - 2 minutes)

B. Roles and Responsibilities (led by Vince and Jamie CAST CORE – 10 minutes)


a. Define CAST.  


i. What are duties and expectations (of CAST and Formaldehyde Team)

ii. Assigning additional CAST Roles


C. State of the Chemical Assessment (led by Chemical Manager – Barbara Glenn)


a. Schedule for draft development.

b. Science Issue for this meeting:


i. Weight of the evidence for  LHP cancers – subtypes (draft section forthcoming)


ii. Discussion questions


c. Future Science Issues (see attached outline)

D. General Discussion


a. Identify upcoming deadlines (assessment deadlines and any CAST action items)


b. Identify schedule for future meetings.

i. Formaldehyde Team recommends biweekly meetings as needed.


Review Draft – Deliberative – Do Not Quote, Cite, or Release 				April 17, 2012



1.2.2.1 Lymphohematopoietic cancers in human

Each specific type of lymphohematopoietic cancer is reviewed and evaluated independently.   

The review arrives at the following conclusions for each cancer:

· The weight of the epidemiologic evidence is sufficient to be convincing of a causal association of an association between formaldehyde exposure and increased risk of developing and dying from myeloid leukemia.



· [bookmark: OLE_LINK5]The weight of the epidemiologic evidence suggests of no causal relationship between formaldehyde exposure and increased risk of developing and dying from lymphatic leukemia.



· The weight of the epidemiologic evidence is suggestive of an association between formaldehyde exposure and increased risk of developing and dying of multiple myeloma.



· The weight of the epidemiologic evidence is suggestive of an association between formaldehyde exposure and increased risk of developing and dying from Hodgkin lymphoma.



· The weight of the epidemiologic evidence suggests no causal relationship between formaldehyde exposure and increased risk of developing and dying from non-Hodgkin lymphoma.


1.2.2.1.1 Myeloid leukemia



Myeloid leukemia is a specific subset the broader category of leukemia and arises from the myeloid cell line.  Mortality from myeloid leukemia accounts for approximately 46% of all deaths from leukemia (ACS, 2012).  Historically, the diagnosis of myeloid leukemia used in epidemiologic studies has been ascertained from  death certificates according to the version of the International Classification of Diseases (ICD) in effect at the time of study subjects’ deaths [i.e., ICD-8 and ICD-9: Code 205 (WHO, 1967; 1977)].



Epidemiologic evidence 

Evidence describing the association between formaldehyde exposure and the risk of developing and dying from myeloid leukemia was available from eight epidemiologic studies - two case-control studies (Hauptmann et al., 2009; Blair et al., 2000) and six cohort studies (Beane Freeman et al., 2009; Pinkerton et al., 2004; Hayes et al., 1990; Stroup et al., 1986; Walrath and Fraumeni, 1984; 1983b).  These are the only studies that evaluated the specific effect of formaldehyde exposure on the risk of myeloid leukemia.  Study details are provided in the evidence table for myeloid leukemia (Table ML).



Causal Evaluation and Conclusion

The evidence of an association was evaluated using a weight-of-evidence approach as outlined in the U.S. EPA’s Guidelines for Carcinogen Risk Assessment (EPA, 2005a).  While the biologic plausibility of an association has been questioned, reports of hematotoxicity in formaldehyde exposed workers suggest an adverse effect on the hematopoietic system.

The causal evaluation for formaldehyde exposure and the risk of developing and dying from myeloid leukemia placed the greatest weight on four particular considerations: 1) the consistency of the observed increases in risk across studies; 2) the strength of the association showing a 1.5 to 3-fold increase in risk; 3) the temporal relationship between exposure to formaldehyde and subsequent death from myeloid leukemia allowing time for prolonged cancer induction, latency and mortality; and 4) the reported exposure-response relationships showing that multiple measures of increased exposure to formaldehyde were repeatedly associated with increased risk of dying from myeloid leukemia. 



[bookmark: OLE_LINK3]The weight of the epidemiologic evidence is sufficient to be convincing of a causal association of an association between formaldehyde exposure and increased risk of developing and dying from myeloid leukemia.

Consistency of the observed association

All eight studies reported increased risks of myeloid leukemia associated with exposure to formaldehyde; these studies examined different populations, in different locations, exposure settings and using different study designs.  The study results presented in Table ML (by publication date) detail all of the reported associations between exposures to formaldehyde and the risks of developing and dying from myeloid leukemia.  Results are plotted in Figure ML; results are grouped by the exposure-assessment methodology (e.g., population-level vs. individual-level) and by the type of occupation of the exposed workers (e.g., anatomist/embalmers, industrial workers, garment workers).

The first four studies shown at the left in Figure ML followed the health of anatomists and embalmers – professions known to be exposed to formaldehyde. These studies compared the risk of death from myeloid leukemia among those workers to the risk of death from myeloid leukemia among the general population. These studies are displayed beneath the header of “Population-level exposure assessment.”  All four studies of anatomists and embalmers showed elevated relative risks of myeloid leukemia mortality as measured by the mortality ratios, including two studies which had sufficient statistical power to rule out chance as an alternative explanation for the findings.  One study observed a much higher relative risk (SMR 8.8) compared with the others (SMR 1.5 to 2.0); this higher estimate was based on one subtype (CML), and was relatively imprecise (95% CI: 1.8, 22.5).

The second set of four studies is displayed in Figure ML beneath the header of “Individual-level exposure assessment.”  A strength of this second set of four studies was their use of individualized exposure data, which, for three of the studies, allowed for the evaluation of multiple exposure-response relationships with increased formaldehyde exposures.  All four of these studies showed increased risks of myeloid leukemia with one or more measure of increased exposure to formaldehyde.  Additional findings from each of the studies are provided in Table ML.  Different measures of increased exposure reflected different risks and this was true within studies and across studies but all provided evidence of increased risk of dying from myeloid leukemia associated with increased formaldehyde exposure.  One study showed the strongest relationship of myeloid leukemia mortality with duration of formaldehye exposure (Hauptmann et al., 2009). Another showed increased risks for peak exposure and average exposure but not for cumulative exposure or “any” exposure (Beane Freeman et al., 2009).  A third study showed increased risk in the study population as a whole that was stronger among workers with the longest duration of exposure and workers with the greatest length of time since first occupational exposure to formaldehyde (Pinkerton et al., 2004). 

The pattern of increased risk of myeloid leukemia (ICD-8/9: ‘204’) associated with exposure to formaldehyde largely reflects the association seen within the largest sub-type, AML.  However, among the studies with separate estimates by sub-type, risks were elevated for both AML and CML, with the associations for CML appearing to be as strong as or stronger than the associations with AML.



Strength of the observed association

The strength (i.e., magnitude) of an observed association can depend on the precision of the exposure assessment methodology, the timing of mortality follow-up in relation to the relevant exposures, baseline risk factors of the study population, and the relative contrast in exposures that are being compared (i.e., a higher relative risk may be expected when comparing across a wider range of exposures than comparisons across a more limited range).  While reported risks were consistently elevated across the eight studies, the magnitude of the risks varied with the quality of the exposure assessment.  Studies with higher quality exposure data reported stronger associations.  The results at the highest levels of formaldehyde exposure showed an approximately 3-fold relative increase in risk of mortality from myeloid leukemia.  Results from studies using a cruder classification (i.e., exposed versus not exposed) generally showed elevated risks in the 1.5 to 2-fold range.



Specificity of the observed association

Specificity refers to an increased inference of causality if a single cause is associated with a single effect or disease (Hill, 1965).  An example of specificity is seen with respect to a specific infectious disease caused by a specific virus.  Based on an understanding that many agents cause cancer at multiple sites (e.g., tobacco), specificity is generally not considered to be a necessary condition for making causal inferences regarding cancer.

	Nonetheless, specificity in the diagnoses of the cancer is important – especially for lymphohematopoietic cancers, which are heterogeneous in nature and arise from different cell lines.  Only the specific diagnosis of myeloid leukemia was considered here.  Myeloid leukemia can be chronic or acute in nature.  However during a later stage of cancer development called a blast crisis, some cases of chronic myeloid leukemia may resemble acute myeloid leukemia (Sawyers, 1999), which may have complicated diagnosis between the chronic and acute disease.    The most specific classification of myeloid leukemia diagnosis that is commonly reported across the epidemiologic literature has been based on the first three digits of the Eighth or Ninth Revision of the ICD code (i.e., Myeloid Leukemia ICD-8/9: 205) without further differentiation (i.e., Acute Myeloid Leukemia ICD-8/9: 205.0). 

Comparisons of observed associations across studies need to be at the same level of diagnostic specificity.  For example, Coggon et al. (2003) reported no increased risk of mortality for the combined group of all leukemias (ICD-9: 204-208) among men exposed to formaldehyde at six British factories.  No data were reported on the specific risk for myeloid leukemia.  Coggon et al. (2003) noted that the discrepancy in their findings may have occurred by chance.  Another explanation may be that combining the cases of myeloid leukemia with lymphatic leukemia, the latter of which does not appear to be associated with formaldehyde, obscured real effects of formaldehyde on the risk of myeloid leukemia.



Temporal relationship of the observed association

Two related aspects of time are encompassed in temporality.  One aspect is the necessity for the exposure to precede the onset of the disease.  In each of the studies, the formaldhyde exposures among the study participants occurred before their deaths.  The second aspect involves the time course (i.e., latency) of disease and death from myeloid leukemia following exposure to formaldehyde, which may be expected to take more than a decade.  Three studies provided analyses of this temporal relationship showing similar latency periods for the cancer to develop and progress to death (Beane Freeman et al., 2009; Hauptmann et al., 2009; Pinkerton et al., 2004).  Among industrial workers exposed to formaldehyde, Beane Freeman et al. (2009) reported that the risk of death from myeloid leukemia was highest 15-25 years following first exposure to formaldehyde.  Among embalmers, duration of exposure can be a reasonable proxy for time since first exposure, and in the Hauptmann et al. (2009) study, the risk among embalmers increased sharply following 20 years of exposure.  Pinkerton et al. (2004) also reported that the highest risks of myeloid leukemia among garment workers occurred f 20 years after first exposure to formaldehyde and that this temporal pattern was also consistent for AML.

The study with the longest follow-up period was Beane Freeman et al. (2009), who reported a median follow-up of 42 years.  These investigators showed that while the workers’ risks of myeloid leukemia peaked at 15-25 years after their initial exposures, the pattern of risks of myeloid leukemia mortality among the whole cohort appeared to diminish somewhat with extended cohort maturity.  This pattern of diminished mortality risk with cohort maturity has been observed for known leukemogens, specifically benzene (Silver et al., 2002) and ionizing radiation (Finkelstein, 2000). 



Exposure-response relationship

	An exposure-response relationship showing increasing effects associated with greater exposure strongly suggests cause and effect, especially when such relationships are also observed for duration of exposure (USEPA, 2005a: p. 2-14).  Many exposure-response relationships were evident in this collection of studies and different metrics of formaldehyde exposure reflected increased risks of myeloid leukemia mortality in different studies.  For example, Beane Freeman et al. (2009) reported increasing risks with peak exposures at three different time periods (during 1980, 1994, and in 2004) when mortality risks were evaluated.  Hauptmann et al. (2009) showed a trend of increasing risk with increasing duration of exposure, and similar patterns of increasing risk among embalmers who conducted more embalmings and had greater cumulative exposure to formaldehyde.  Pinkerton et al. (2004) observed more than a doubling of risk among garment workers exposed to formaldehyde for more than 10 years duration compared to the general population.



Biologic plausibility

Formaldehyde is present endogenously as a normal constituent of living human and animal cells.  It has been reported that blood concentrations of formaldehyde in humans and animals are unaltered following inhalation of exogenous formaldehyde (Heck et al., 1985).  Since myeloid leukemia is a cancer which originates in the bone marrow, there is some doubt that exogenous formaldehyde, which is highly reactive, could be transported from the portal of entry to the bone marrow.  Limited evidence from short-term studies in rodents have reported that labeled exogenous formaldehyde does not reach the bone marrow within 5 days following exposure (Lu et al., 2011; Moeller et al., 2011; Swenberg et al., 2011).  Thus, it has been theorized that it is biologically implausible that exogenous formaldehyde could directly cause leukemia (Heck and Casanova, 2004).

However, studies of workers exposed to formaldehyde have reported subsequent hematotoxicity (Tang et al., 2009), as well as leukemia-specific chromosomal changes to myeloid progenitor cells (Zhang et al., 2010).  These findings, while limited, suggest that formaldehyde exposure may be associated with changes in blood biomarkers that may reflect the early development of leukemia (Zhang et al., 2010; Zhang et al., 2009).  Therefore, EPA considers it plausible that there is an association of formaldehyde exposure with the development of myeloid leukemia.



Potential impact of selection bias, information bias, confounding bias, and chance

Selection bias may alter epidemiologic findings when participation or follow-up rates are related to the probability of exposure or the outcome.  However, this is an unlikely bias in the epidemiologic studies of myeloid leukemia as the case-control and nested case-control studies evaluated exposure status without regard to outcome status and had participation levels of 77-96%.   Each of the cohort studies included at least 75% of eligible participants and lost fewer than 3% of participants over the course of mortality follow-up.

Effect estimates that are based on a comparison of exposed workers to a general population (e.g., standardized mortality ratios) may be affected by two different kinds of selection biases called the healthy-worker effect and the healthy-worker survivor effect.  These biases may result in an underestimate of risk due to exposures in occupational populations by comparing their health to that of a less healthy general population.  While these biases are more common for cardiovascular or respiratory effects, a significant healthy-worker effect has been observed for a number of cancers, including myeloid leukemia, as demonstrated by a large cancer incidence study of workers exposed to radiation (Sont et al., 2001).  This type of selection bias could obscure a truly larger effect of formaldhyde exposure in analyses based on “external” comparisons with mortality in the general population (Hayes et al., 1990; Stroup et al., 1986; Walrath and Fraumeni, 1984; 1983b), but would not influence analyses using “internal” or matched comparison groups (Beane Freeman et al., 2009; Hauptman et al., 2009; Pinkerton et al., 2004; Blair et al., 2000).

Information bias may distort findings when subjects’ true personal exposures are inaccurately assigned.  A differential misclassification, in which exposure status influences disease classification (or disease status influences exposure classification), can lead to spurious (i.e., “false positive”) associations.  This scenario is considered unlikely among these studies of myeloid leukemia mortality because the likelihood of differential misclassification based on these study designs is low.  The assignment of exposure status or calculation of exposure measures in the cohort studies was done independent of knowledge of the cause of death.  In the case-control study by Blair et al. (2000), many different occupational exposures were evaluated based on interview data and subjects were likely to be unaware of specific hypotheses of the study.  Therefore, an exposure-related bias in their recall of their occupational histories is unlikely.  The exposure assignments in Blair et al. (2000) were based on typical exposure characteristics of the individuals’ job and were made by the investigators without knowledge of case/control status.

Another aspect of information bias stems from random measurement error or non-differential misclassification.  This type of error typically has the effect of causing bias towards the null, thereby obscuring real effects by underestimating their magnitude.  Given the difficulty in accurately estimating personal exposure over time, the likelihood of random measurement error is almost certain.  The implication of such information bias is that the consistently reported increases in risks of formaldehyde-related mortality may be underestimates and the true risk could be larger that was demonstrated in the epidemiologic studies.

Confounding is a potential bias which could arise if another cause of myeloid leukemia was also associated with formaldehyde exposure.  There does not appear to be any evidence of confounding that would provide an alternative explanation for the observed association of formaldehyde exposure with increased risk of myeloid leukemia seen in these studies.  Chemical exposures that have not been independently associated with myeloid leukemia are not expected to confound results.    However, other known risk factors for myeloid leukemia include exposure to benzene, ionizing radiation, and smoking.  Benzene is not used in the embalming process (Hayes et al, 1990; Stewart et al. 1992) and was not a chemical co-exposure in the garment plants (Stayner et al., 1985), and consequently, could not be a confounder of those results.  Benzene was specifically assessed as a potential confounder among the U.S. industrial workers (Beane Freeman et al., 2009) and found not to be a confounder.  Ionizing radiation can be a co-exposure for embalmers but the extent of exposure is unlikely to explain the observed association in embalmers (Hauptmann et al., 2009).  Exposures to ionizing radiation were not mentioned as co-exposures for the industrial workers or the garment workers, and would not be expected to be correlated with their formaldehyde exposures.  Smoking was not evaluated as a potential confounder in the industrial or garment worker cohorts.  However, there is no evidence that smoking rates were correlated with industrial formaldehyde exposures in a dose-dependent manner with the same temporal relationship.  Moreover, the internal comparisons used in the analyses of the industrial cohort should mitigate any potential confounding effects of smoking.  Importantly, the study of embalmers (Hauptmann et al., 2009) and the case-control study by Blair et al. (2000) did control for smoking in their analyses thereby reducing the likelihood of confounding by smoking.

Consistency across multiple studies is demonstrated by a pattern of increased risk in different populations, exposure scenarios, and time periods.  Such consistency makes unmeasured confounding an unlikely alternative explanation for the observed associations.  This consistency also reduces the likelihood of chance as an alternative explanation by increasing the statistical strength of the findings through the accumulation of a larger body of similar evidence.  The observations of multiple exposure-response trends similarly reduce the likelihood that chance, confounding, or other biases can explain the observed association.



Conclusion

	The weight of the available epidemiologic evidence is judged to be convincing of a causal association between human exposure to formaldehyde and myeloid leukemia mortality.








Figure ML.  Epidemiologic studies reporting myeloid leukemia risk estimates.  Results specifically for acute myeloid leukemia (AML) or chronic myeloid leukemia (CML) are noted by these abbreviations.  SMR: standardized mortality ratio.  PMR: proportionate mortality ratio.  RR: relative risk.  OR: odds ratio.  For each measure of association, the number of exposed cases is provided in brackets (i.e., [n=3]).  For studies reporting results on multiple metrics of exposure, each metric is included; however, only the highest category of each exposure metric is presented in the figure.  * The dotted line extending from Hauptmann (2009) reflects that study’s inclusion of the original cohorts from Walrath and Fraumeni (1983b, 1984) and Hayes et al. (1990), which were combined with extended follow-up in Hauptmann et al. (2009) in a nested case-control study with internal referents.

		Table ML: Epidemiologic studies of formaldehyde exposure and risk of myeloid leukemia



		Study

		Exposures

		Results: Effect estimate (95% CI) [# of cases]



		Reference: Beane Freeman et al. (2009) with supplemental online tables.



Population: 25,619 workers employed at 10 formaldehyde using or formaldehyde producing plants in the U.S. followed from either the plant start-up or first employment through 2004. Deaths were identified from the National Death Index with remainder assumed to be living. Vital status was 97.4% complete and only 2.6% lost to follow-up.



Outcome definition: Death certificates used to determine underlying cause of death from myeloid leukemia (ICD-8: 205).



Design: Prospective cohort mortality study with external and internal comparison groups.



Analysis: RRs estimated using Poisson regression stratified by calendar year, age, sex, and race; adjusted for pay category compared to workers in lowest exposed category.  Lagged exposures were evaluated to account for cancer latency.



SMRs calculated using sex, age, race, and calendar-year-specific U.S. mortality rates.

	

Related studies:

Blair et al. (1986)

Hauptmann et al. (2003)





		Exposure assessment: Individual-level exposure estimates based on job titles, tasks, visits to plants by study industrial hygienists, and monitoring data from 1966 through 1980.



Median Time Weighted Average (over 8 hours)=0.3ppm (range 0.01-4.3).



Median cumulative exposure=0.6 ppm-years (range 0-107.4).



Multiple exposure metrics including peak, average, and cumulative exposures were evaluated using categorical and continuous data.



Duration and timing: Exposure period from <1946-1980. Median length of follow-up: 42 years. Duration and timing since first exposure were evaluated.



Variation in exposure:

For all variations in exposure:

     Level 1 (unexposed)



Peak exposure:

     Level 2 (>0 to <2.0 ppm)

     Level 3 (2.0 to <4.0 ppm)

     Level 4 (≥ 4.0 ppm)

Average intensity:

     Level 2 (>0 to <0.5ppm)

     Level 3 (0.5 to <1.0 ppm)

     Level 4 (≥ 1.0 ppm)

Cumulative exposure:

     Level 2 (>0 to <1.5 ppm-yrs)

     Level 3 (1.5 to <5.5 ppm-yrs)

     Level 4 (≥5.5 ppm-yrs)



Co-exposures: Exposures to 11 other compounds were identified and evaluated as potential confounders.

		Internal comparisons:

Peak exposure

1980 Follow-up:

     Highest peak RR=3.92 (CI not provided)

                  (p-trend=0.12)

1994 Follow-up:

     Highest peak RR=2.79 (1.08-7.21)

                  (p-trend=0.02) 

2004 Follow-up:

     Level 1         RR=0.82 (0.25-2.67)    [4]

     Level 2         RR=1.00 (Ref. value) [14]

     Level 3         RR=1.30 (0.58-2.92)  [11]

     Level 4         RR=1.78 (0.87-3.64)  [19]

     p-trend (exposed) = 0.13;

     p-trend (all) = 0.07



Average intensity

     Level 1         RR=0.70 (0.23-2.16)    [4]

     Level 2         RR=1.00 (Ref. value) [24]

     Level 3         RR=1.21 (0.56-2.62)    [9]

     Level 4         RR=1.61 (0.73-3.39)  [11]

     p-trend (exposed) = 0.43;

     p-trend (all) = 0.40



Cumulative exposure

     Level 1         RR=0.61 (0.20-1.91)    [4]

     Level 2         RR=1.00 (Ref. value) [26]

     Level 3         RR=0.82 (0.36-1.83)    [8]

     Level 4         RR=1.02 (0.48-2.16)  [10]

     p-trend (exposed) > 0.50;

     p-trend (all) = 0.44



Duration of exposure

No evidence of association (data not shown).



Time since first exposure

     >0-15 yrs     RR=1.00 (Ref. value)   [3]

     >15-25 yrs   RR=2.44 (0.45-13.25) [11]

     >25-35 yrs   RR=0.77 (0.11-5.24)    [8]

     >35 yrs        RR=0.67 (0.09-4.88)  [24]



External comparisons:

SMRUnexposed    = 0.65 (0.25-1.74)          [4]

SMRExposed       = 0.90 (0.67-1.21)        [44]



		Reference: Hauptmann et al. (2009)



Population: 6,808 embalmers and funeral directors who died during 1960-1986.  Identified from registries of the National Funeral Directors’ Association, licensing boards and state funeral directors’ associations, NY State Bureau of Funeral Directors, and CA Funeral Directors and Embalmers.  Deaths were identified from the National Death Index. Next of kin interviews conducted for 96% of cases and 94% of controls.



Outcome definition:  Death certificates used to determine underlying cause of death from myeloid leukemia (ICD-8: 205).



Design: Nested case-control study within a prospective cohort mortality study using two internal comparison groups; the first comprised of those who had never embalmed [1 case and 55 controls] and the second comprised of those who had fewer than 500 embalmings [5 cases and 83 controls].  



Analysis: Odds ratios calculated using unconditional logistic regression adjusted for date of birth, age at death, sex, data source, and smoking. Lagged exposures were evaluated to account for cancer latency.  These results are shown in Table 3 of Hauptmann et al. (2009).



Results from the second internal comparison group with <500 embalmings were selected to increase statistical stability. These results are shown in Table 4 of Hauptmann et al. (2009).



Related studies:

Hayes et al. (1990)

Walrath and Fraumeni (1983)

Walrath and Fraumeni (1984)



Note:  The original cohorts from these three related studies were combined in Hauptmann et al. (2009) and follow-up was extended so the case-series overlap and are not independent.  However, the three related cohorts used external reference groups for comparison while Hauptmann et al. (2009) select internal controls which were independent of the reference groups used in the other studies.

		Exposure assessment: Occupational history obtained by interviews with next of kin and coworkers using detailed questionnaires.  Exposure was assessed by linking questionnaire responses to an exposure assessment experiment providing measured exposure data.  Exposure levels (peak, intensity, and cumulative) were assigned to each individual using a predictive model based on the exposure data.  The model explained 74% of the observed variability in exposure measurements.



Multiple exposure metrics including duration (mean=33.1 yrs in cases), # of embalming, peak, average, and cumulative exposures were evaluated using categorical and continuous data.



Duration and timing: Exposure period from <1932-1986. Duration of exposure was evaluated. Duration is also a surrogate for time because first exposure since dates of death were closely related to cessation of workplace exposures



Variation in exposure:

For variations in exposure from Table 3:

     Level 1 (No exposure to embalming)



For variations in exposure from Table 4:

     Level 1 (<500 embalming)



Duration of exposure:

     Level 2 (<20 years)

     Level 3 (20-34 years) 

     Level 4 (>34 years)

Number of embalming:

     Level 2 (500-1422)

     Level 3 (1423-3068) 

     Level 4 (>3068)

Cumulative exposure:

     Level 2 (≤4058 ppm-hrs)

     Level 3 (4059-9253 ppm-hrs) 

     Level 4 (≥9253 ppm-hrs)

Average intensity (while embalming):

     Level 2 (≤1.4 ppm)

     Level 3 (>1.4-1.9 ppm) 

     Level 4 (>1.9 ppm)

TWA8 formaldehyde intensity:

     Level 2 (≤0.10 ppm)

     Level 3 (>0.10-0.18 ppm) 

     Level 4 (>0.18 ppm)

Peak Exposure:

     Level 2 (<7.0 ppm)

     Level 3 (7.0 to <9.3 ppm) 

     Level 4 (>9.3 ppm)



Co-exposures: None evaluated.

		Internal comparisons (From Table 3):

Never embalming: OR=1.00 (Ref. value)    [1]

Ever embalming:   OR=11.2 (1.3-95.6)     [33]



Duration of exposure:

     Level 1   OR=1.00 (Ref. value)              [1]

     Level 2   OR=5.0 (0.5-51.6)                   [6]

     Level 3   OR=12.9 (1.4-117.1)              [13]

     Level 4   OR=13.6 (1.6-119.7)              [14]



Internal comparisons (From Table 4):

Duration of exposure:

     Level 1   OR=1.0 (Ref. value)               [5]

     Level 2   OR=0.5 (0.1-2.9)                    [2]

     Level 3   OR=3.2 (1.0-10.1)                [13]

     Level 4   OR=3.9 (1.2-12.5)                [14]

Number of embalming:

     Level 1   OR=1.0 (Ref. value)               [5]

     Level 2   OR=1.2 (0.3-5.5)                    [3]

     Level 3   OR=2.9 (0.9-9.1)                  [12]

     Level 4   OR=3.0 (1.0-9.2)                  [14]

Cumulative exposure:

     Level 1   OR=1.0 (Ref. value)               [5]

     Level 2   OR=2.1 (0.5-8.1)                    [5]

     Level 3   OR=2.2 (0.7-7.1)                  [10]

     Level 4   OR=3.1 (1.0-9.6)                  [14]

Average intensity (while embalming):

     Level 1   OR=1.0 (Ref. value)               [5]

     Level 2   OR=2.6 (0.8-8.7)                  [10]

     Level 3   OR=2.8 (0.8-9.1)                  [10]

     Level 4   OR=2.3 (0.7-7.5)                    [9]

TWA8 formaldehyde intensity:

     Level 1   OR=1.0 (Ref. value)               [5]

     Level 2   OR=2.4 (0.7-8.2)                    [8]

     Level 3   OR=2.6 (0.8-8.7)                  [10]

     Level 4   OR=2.6 (0.8-8.3)                  [11]

Peak exposure:

     Level 1   OR=1.0 (Ref. value)               [5]

     Level 2   OR=2.9 (0.9-9.8)                    [9]

     Level 3   OR=2.0 (0.6-6.6)                    [9]

     Level 4   OR=2.9 (0.9-9.5)                  [11]







		Reference: Hauptmann et al. (2009)





		 Exposure assessment: Occupational history obtained by interviews with next of kin and coworkers using detailed questionnaires.  Exposure was assessed by linking questionnaire responses to an exposure assessment experiment providing measured exposure data.  Exposure levels (peak, intensity, and cumulative) were assigned to each individual using a predictive model based on the exposure data.  The model explained 74% of the observed variability in exposure measurements.



Multiple exposure metrics including duration (mean=33.1 yrs in cases), # of embalming, peak, average, and cumulative exposures were evaluated using categorical and continuous data.



Duration and timing: Exposure period from <1932-1986. Duration of exposure was evaluated. Duration is also a surrogate for time because first exposure since dates of death were closely related to cessation of workplace exposures



Variation in exposure:



For variations in exposure from Table 4:

     Level 1 (<500 embalming)



Duration of exposure:

     Level 2 (<20 years)

     Level 3 (20-34 years)

     Level 4 (>34 years)

Number of embalming:

     Level 2 (500-1422)

     Level 3 (1423-3068)

     Level 4 (>3068)

Cumulative exposure:

     Level 2 (≤4058 ppm-hrs)

     Level 3 (4059-9253 ppm-hrs)

     Level 4 (≥9253 ppm-hrs)

Average intensity (while embalming):

     Level 2 (≤1.4 ppm)

     Level 3 (>1.4-1.9 ppm)

     Level 4 (>1.9 ppm)

TWA8 formaldehyde intensity:

     Level 2 (≤0.10 ppm)

     Level 3 (>0.10-0.18 ppm)

     Level 4 (>0.18 ppm)

Peak Exposure:

     Level 2 (<7.0 ppm)

     Level 3 (7.0 to < 9.3 ppm)

     Level 4 (>9.3 ppm)



Co-exposures: None evaluated.

		Additional: Acute ML (ICD-8: 205.0)



Internal comparisons (From Table 4):

Duration of exposure:

     Level 1   OR=1.0 (Ref. value)             [3]

     Level 2   OR=0.4 (0.04-4.9)                [1]

     Level 3   OR=2.9 (0.7-12.2)                [8]

     Level 4   OR=3.1 (0.7-13.7)                [8]

Number of embalming:

     Level 1   OR=1.0 (Ref. value)             [3]

     Level 2   no cases 

     Level 3   OR=2.9 (0.7-12.0)                [8]

     Level 4   OR=2.9 (0.7-11.6)                [9]

Cumulative exposure:

     Level 1   OR=1.0 (Ref. value)             [3]

     Level 2   OR=1.3 (0.2-9.4)                  [2]

     Level 3   OR=1.9 (0.4-8.2)                  [6]

     Level 4   OR=3.2 (0.8-13.1)                [9]

Average intensity (while embalming):

     Level 1   OR=1.0 (Ref. value)             [3]

     Level 2   OR=2.5 (0.6-10.9)                [6]

     Level 3   OR=2.0 (0.4-9.4)                  [5]

     Level 4   OR=2.3 (0.5-10.3)                [6]

TWA8 formaldehyde intensity:

     Level 1   OR=1.0 (Ref. value)             [3]

     Level 2   OR=1.4 (0.3-7.8)                  [3]

     Level 3   OR=2.6 (0.6-11.4)                [7]

     Level 4   OR=2.6 (0.6-11.3)                [7]

Peak exposure:

     Level 1   OR=1.0 (Ref. value)             [3]

     Level 2   OR=1.8 (0.4-9.3)                  [4]

     Level 3   OR=2.1 (0.5-9.2)                  [5]

     Level 4   OR=2.9 (0.7-12.5)                [7]



		Reference: Pinkerton et al. (2004)



Population: 11,039 workers in 3 U.S. garment plants exposed for at least 3 months. Women comprised 81.7% of the cohort. Vital status was followed through 1998 with 98.3% completion and only 1.7% lost to follow-up.



Outcome definition: Death certificates used to determine both the underlying cause of death (UCOD) as well as all contributing multiple causes of death (MCOD) from myeloid leukemia (ICD-code in use at time of death).



Design: Prospective cohort mortality study with external comparison group.



Analysis: SMRs calculated using sex, age, race, and calendar-year-specific U.S. mortality rates.  Results presented here are UCOD unless otherwise noted.



Related studies:

Stayner et al. (1985)

Stayner et al. (1988)





		Exposure assessment: Individual-level exposure estimates for 549 randomly selected workers during 1981 and 1984.  Geometric 8-hr time-weighted average exposures ranged from 0.09-0.20 ppm.  Overall geometric mean concentration of formaldehyde was 0.15 ppm, (GSD 1.90 ppm).  Area measures showed constant levels without peaks.  Historically earlier exposures may have been substantially higher.



Duration and timing: Exposure period from 1955-1983. Median duration of exposure was 3.3 years.  More than 40% exposures <1963.  Median time since first exposure was 31.7 years.  Duration and timing since first exposure were evaluated.



Variation in exposure:

Duration of exposure:

     Level 1 (<3 years)

     Level 2 (3-9 years) 

     Level 3 (10+ years)

Time since first exposure:

     Level 1 (<10 years)

     Level 2 (10-19 years) 

     Level 3 (20+ years)



Co-exposures: Study population specifically selected because industrial hygiene surveys at the plants did not identify any chemical exposures other than formaldehyde that were likely to influence findings.

		External comparisons:

SMR=1.44 (0.80-2.37)                              [15]



Within-study external comparisons:

Duration of exposure:

     Level 1         SMR=0.83 (0.21-2.26)†    [3]

     Level 2         SMR=1.26 (0.40-3.04)†    [4]

     Level 3         SMR=2.19 (1.02-4.16)†    [8]



Time since first exposure (TSFE):

     Level 1         SMR=0.90 (0.05-4.44)†    [1]

     Level 2         SMR=0.40 (0.02-1.97)†    [1]

     Level 3         SMR=1.91 (1.06-3.18)†  [13]



Level 3 duration & Level 3 TSFE:

UCOD SMR=2.43 (0.98-5.01)                   [7]

MCOD SMR=2.55 (1.10-5.03)                   [8]



Year of first exposure:

     <1963           SMR=1.61 (0.85-2.80)† [11]

     1963-70        SMR=1.15 (0.29-3.13)†    [3]

     1971+           SMR=1.02 (0.05-5.03)†   [1]



Additional:

Acute Myeloid Leukemia (ICD: 205.0)

 UCOD SMR=1.34 (0.61-2.54)                  [9]

 MCOD SMR=1.25 (0.57-2.37)                 [9]



Chronic Myeloid Leukemia (ICD: 205.1)

 UCOD SMR=1.39 (0.38-3.56)                 [4]

 

Acute Myeloid Leukemia (ICD: 205.0)

Duration of exposure:

     Level 1         SMR=0.44 (0.02-2.17)†   [1]

     Level 2         SMR=1.53 (0.39-4.17)†   [3]

     Level 3         SMR=2.02 (0.74-4.47)†   [5]

Time since first exposure:

     Level 1         no cases

     Level 2         no cases

     Level 3         SMR=1.93 (0.94-3.54)†   [9]

Year of first exposure:

     <1963           SMR=1.81 (0.84-3.44)†  [8]

     1963-70        no cases

     1971+           SMR=1.60 (0.08-7.95)†  [1]



†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)



		Reference: Blair et al. (2000)



Population: White men, 30 years of age or older, identified from the Iowa cancer registry and the Minnesota hospital surveillance network during 1980-1983.  Participation of eligible cases was 86% and approximately 77-79% for controls including 77% for surrogate respondents for deceased subjects.



Outcome definition: Diagnosis of leukemia was confirmed by pathology review for all cases.  



Design: Population-based case-control study of 513 white men with leukemia from Iowa and Minnesota cancer surveillance networks. 1,087 controls were frequency-matched on 5-yr age groups, vital status, and state.



Analysis: ORs calculated for job titles, employment duration, and exposure intensity using unconditional logistic regression controlling for age, state, direct/surrogate response, and co-exposures – including smoking. Analyses by year of first exposure were also conducted to evaluate latency.

		Exposure assessment: Individual-level exposure estimates developed based on a job-exposure matrix for each job held for more than 1 year, the industry where employed, and starting and ending year the job was held. 



Exposure intensity and probability assessed for formaldehyde and other exposures.  Exposure intensity refers to the level likely experienced and considered an 8-hour time-weighted average over a year.



Duration and timing: Exposure period based on occupational histories prior to 1983. Duration and timing since first exposure were evaluated.



Variation in exposure:

Intensity of exposure:

     Level 1 (unexposed)

     Level 2 (low) 

     Level 3 (high)



Co-exposures: Co-exposures evaluated included: benzene, other organic solvents, petroleum-based oil and greases, cooking oils, ionizing radiation, dusts, gasoline and diesel vapors and exhausts, paints, asbestos, electromagnetic fields, metals, asphalt, tar products, cattle, fresh meat and solder fumes. 

		Internal comparisons:

Acute Myeloid Leukemia (ICD-9: 205.0)

     Level 1         OR = 1.0 (Ref. value)  [118]

     Level 2         OR = 0.9 (0.5-1.6 )        [14]

     Level 3         no cases



Chronic Myeloid Leukemia (ICD-9: 205.1)

     Level 1         OR = 1.0 (Ref. value)   [38]

     Level 2         OR = 1.3 (0.6-3.1 )         [7]

     Level 3         OR = 2.9 (0.3-24.5 )       [1]



No notable findings were reported for duration of time since first exposure to formaldehyde.



		Reference: Hayes et al. (1990)  



Population: 4,046 deceased U.S. male embalmers and funeral directors, derived from licensing boards and funeral director associations in 32 states and the District of Columbia who died during 1975-1985. Death certificates obtained for 79% of potential study subjects (n=6,651) with vital status unknown for 21%.



Outcome definition:  Death certificates and licensing boards used to determine cause of death from myeloid leukemia (ICD-8: 205).



Design: Proportionate mortality cohort study with external comparison group.



Analysis: PMRs calculated using sex, race, age, and calendar-year-expected numbers of deaths from the U.S. population.

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.  Exposure based on occupation which was confirmed on death certificate.  Authors subsequently measured personal embalming exposures ranging from 0.98 ppm (high ventilation) to 3.99 ppm (low ventilation) with peaks up to 20 ppm.



Authors state that major exposures are to formaldehyde and possibly gluteraldehyde and phenol.



Duration and timing: Occupational exposure preceding death during 1975-1985.  Of 115 deaths from lymphohematopoietic cancer, 66 (57%) were aged 60-74 years. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated. 

		External comparisons:

PMR=1.57 (1.01-2.34)                           [24]



Additional:

Acute Myeloid Leukemia  (ICD-8: 205.0)

 PMR=1.52 (0.85-2.52)             [#not given]



Chronic Myeloid Leukemia   (ICD-8: 205.1)

PMR=1.84 (0.79-3.62)              [#not given]





		Reference: Stroup et al. (1986)



Population: 2,239 white male members of the American Association of Anatomists from 1888−1969 who died during 1925−1979. Death certificates obtained for 91% with 9% lost to follow-up.



Outcome definition:  Myeloid leukemia (ICD-8: 205) listed as cause of death on death certificates.



Design: Cohort mortality study with external comparison group.



Analysis: SMRs calculated using sex, race, age, and calendar-year-expected number of deaths from the U.S. population. 

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.



Duration and timing: Occupational exposure preceding death during 1925-1979.  Median birth year was 1912.  By 1979, 33% of anatomists had died. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated. 

		Leukemias:

10 total reported

  1 lymphatic

  5 myeloid (3 chronic, 1 acute, 1 unspecified)

  1 acute monocytic

  3 leukemia N.O.S.



External comparisons:

Chronic Myeloid Leukemia (ICD-8: 205.1)

SMR= 8.8 (1.8-25.5)                     [3]







		Reference: Walrath and Fraumeni (1984)



Population: 1,007 deceased white male embalmers from the California Bureau of Funeral Directing and Embalming who died during 1925-1980.  Death certificates obtained for all. 



Outcome definition:  Myeloid leukemia (ICD-8: 205) listed as cause of death on death certificates.



Design: Proportionate mortality cohort study with external comparison group.



Analysis: PMRs calculated using sex, race, age and calendar-year-expected number of deaths from the U.S. population. 

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.



Duration and timing: Occupational exposure preceding death during 1916-1978.  Birth year ranged from 1847-1959.  Median age of death was 62 years.  Most deaths were among embalmers with active licenses. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated.  

		External comparisons:

Observed: 8 myeloid leukemia deaths (including 2 acute monocytic leukemia)

Expected: 4.3 myeloid leukemia deaths (including 0.3 acute monocytic leukemia)



PMR= 1.86 (0.86-3.53)†                [8]



Additional:

Observed: 6 acute myeloid leukemia deaths (including 2 acute monocytic leukemia)



Expected: With 4.3 myeloid leukemia deaths expected, EPA used data from Selvin et al. (1983) on the expected ratio of AML/CML (2.2:1) among males ages 25+ to estimate 2.96 expected cases of AML out of the 4.3 expected myeloid leukemia deaths.



Acute Myeloid Leukemia (ICD-8: 205.0)

PMR=2.03 (0.82-4.22)†               [6] 



†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)



		Reference: Walrath and Fraumeni (1983b)



Population: 1,132 deceased white male embalmers licensed to practice during 1902-1980 in New York who died during 1925-1980 identified from registration files.  Death certificates obtained for 75% of potential study subjects (n=1,678).



Outcome definition:  Myeloid leukemia (ICD-8: 205) listed as cause of death on death certificates.



Design: Proportionate mortality cohort study with external comparison group.



Analysis: PMRs calculated using sex, race, age, and calendar-year-expected numbers of deaths from the U.S. population. 

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.



Duration and timing:

Occupational exposure preceding death during 1902-1980.  Median year of birth was 1901.  Median year of initial license was 1931.  Median age at death was 1968.  Expected median duration of exposure was 37 years. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated.  

		External comparisons:

Observed: 7 myeloid leukemia deaths (including 1 acute monocytic leukemia)

Expected: 4.4 myeloid leukemia deaths (including 0.3 acute monocytic leukemia)



PMR= 1.59 (0.70-3.15)†                 [7]



Additional:

Observed: 6 acute myeloid leukemia deaths (including 1 acute monocytic leukemia)



Expected: With 4.4 myeloid leukemia deaths expected, EPA used data from Selvin et al. (1983) on the expected ratio of AML/CML (2.2:1) among males ages 25+ to estimate 3.03 expected cases of AML out of the 4.4 expected myeloid leukemia deaths.

 

Acute Myeloid Leukemia (ICD-8: 205.0)

PMR=1.98 (0.80-4.12)†                 [6] 



†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)












1.2.2.1.2 Lymphatic leukemia

Lymphatic leukemia is a specific subset of the broader category of leukemia and arises from the lymphoid cell line.  Lymphatic leukemia has also been called lymphocytic or lymphoid leukemia.  Mortality from lymphatic leukemia accounts for approximately 26% of all deaths from leukemia (ACS, 2012).  The diagnosis of lymphatic leukemia used in epidemiologic studies has been ascertained from death certificates using the version of the International Classification of Diseases (ICD) in effect at the time of study subjects’ deaths [i.e., ICD-8/9: Code 204 (WHO, 1967; 1977)].



Epidemiologic evidence 

Evidence describing the association between formaldehyde exposure and the specific risk of lymphatic leukemia was available from six epidemiologic studies − one case-control study (Blair et al., 2000) and five cohort studies (Beane Freeman et al., 2009; Pinkerton et al., 2004; Hayes et al., 1990; Walrath and Fraumeni, 1984; 1983b).  The five included cohort studies all ascertained lymphatic leukemia diagnoses from death certificates and reported lymphatic leukemia outcomes based on the ICD-8 or ICD-9 diagnostic code 204 without separate results for ALL and CLL.  The case-control study of incident cases of lymphatic leukemia ascertained from a cancer registry and a hospital network (Blair et al., 2000) was the only study which reported results for CLL separately.  Study details are provided in the evidence table for lymphatic leukemia (Table LL).  Studies results for ICD-7 code 204 were not included because this code includes all leukemias.



Causal Evaluation and Conclusion

[bookmark: OLE_LINK4]The evidence of an association was evaluated using a weight-of-evidence approach as outlined in the U.S. EPA’s Guidelines for Carcinogen Risk Assessment (2005a).  The causal evaluation for formaldehyde exposure and the risk of developing and dying from lymphatic leukemia placed the greatest weight on two particular considerations: 1) a consistent pattern of risks across studies indicating a lack of an association; and 2) the absence of exposure-response relationships showing that increased exposure to formaldehyde was associated with increased risk of developing and dying from lymphatic leukemia.



The weight of the epidemiologic evidence suggests of no causal relationship between formaldehyde exposure and increased risk of developing and dying from lymphatic leukemia.



Consistency of the observed association

The results of all six studies were consistent with the absence of an effect of formaldehyde exposure on the risk of developing and dying from lymphatic leukemia.  Two cohort studies reported summary risk estimates of increased risk of lymphatic leukemia associated with exposure to formaldehyde (Beane Freeman et al., 2009; Walrath and Fraumeni, 1983b) but did not demonstrate sufficient statistical power to rule out chance as an alternative explanation for the findings.  The remaining four studies reported somewhat decreased summary risk estimates of lymphatic leukemia associated with exposure to formaldehyde or did not show evidence of an exposure-response relationship (Pinkerton et al., 2004; Blair et al., 2000; Hayes et al., 1990; Walrath and Fraumeni, 1984).  The study results presented in Table LL (by publication date) detail all of the reported associations between exposures to formaldehyde and the risks of developing and dying from lymphatic leukemia.  Results are plotted in Figure LL.



Strength of the observed association

The strength (i.e., magnitude) of an association can depend on the precision of exposure assessment, the timing of follow-up in relation to the relevant exposures, baseline risk factors, and the relative contrast in exposures that are being compared (i.e., a higher relative risk may be expected when comparing across a wider range of exposures than comparisons across a more limited range).  Summary effect estimates for the association between formaldehyde exposure and the risk of mortality from lymphatic leukemia were generally less than one (unity) and ranged from zero to 1.54.



Specificity of the observed association

Specificity refers to an increased inference of causality if a single cause is associated with a single effect or disease (Hill, 1965).  An example of specificity is seen with respect to a specific infectious disease caused by a specific virus.  Based on an understanding that many agents cause cancer at multiple sites (e.g., tobacco), specificity is generally not considered to be a necessary condition for making causal inferences regarding cancer.

Nonetheless, the specificity of the diagnoses of cancer is important – especially for lymphohematopoietic cancers, which are heterogeneous in nature and arise from different cell lines.  Only the specific diagnosis of lymphatic leukemia was considered here.  The most specific level of lymphatic leukemia diagnosis that is commonly reported across the epidemiologic literature has been based on the first three digits of the Eighth or Ninth Revision of the ICD code (i.e., Lymphatic leukemia ICD-8: 204 and Lymphoid leukemia ICD-9: 204) without further differentiation (i.e., Acute lymphatic leukemia ICD-8: 204.0).



Temporal relationship of the observed association

	Two related aspects of time are encompassed in temporality.  One aspect is the necessity for the exposure to precede the onset of the disease.  In each of the six epidemiologic studies, the work-related formaldhyde exposures among the study participants occurred before their deaths.  The second aspect involves the time course (i.e., latency) of disease and death from lymphatic leukemia following exposure to formaldehyde, which may be expected to take more than a decade.  None of the six studies provided analyses of this temporal relationship; therefore, there is no evidence to weigh regarding the time-course of disease and mortality following exposure to formaldehyde.



Exposure-response relationship

An exposure-response relationship showing increasing effects associated with greater exposure strongly suggests cause and effect, especially when such relationships are also observed for duration of exposure (USEPA, 2005a: p. 2-14).  None of the studies evaluated the effect of duration of formaldehyde exposure on the mortality risk of lymphatic leukemia.  There were only two studies that evaluated any form of exposure-response for increasing measures of formaldhyde exposure (Beane Freeman et al., 2009; Blair et al., 2000) and neither showed a pattern of increasing risk with increasing formaldehyde exposure. 



Biologic plausibility

Formaldehyde is present endogenously as a normal constituent of living human and animal cells.  It has been reported that blood concentrations of formaldehyde in humans and animals are unaltered following inhalation of exogenous formaldehyde (Heck et al ., 1985).  Since lymphatic leukemia is a cancer that  originates in the bone marrow, there is some doubt that exogenous formaldehyde, which is highly reactive, could be transported from the portal of entry to the bone marrow.  Limited evidence from short-term studies in rodents have reported that labeled exogenous formaldehyde does not reach the bone marrow, as assessed by certain forms of DNA adducts, within 5 days following exposure (Lu et al., 2011; Moeller et al., 2011; Swenberg et al., 2011).  Thus, it has been theorized that it is biologically implausible that exogenous formaldehyde could directly cause leukemia (Heck and Casanova, 2004).

However, studies of workers exposed to formaldehyde have reported subsequent hematotoxicity (Tang et al., 2009).  These findings, while limited, suggest that formaldehyde exposure may be associated with changes in blood biomarkers that may reflect the early development of leukemia (Zhang et al., 2010; Zhang et al., 2009).  Therefore, EPA considers it plausible that there is an association of formaldehyde exposure with the development of myeloid leukemia.



Potential impact of selection bias, information bias, confounding bias, and chance

Selection bias may alter epidemiologic findings when participation or follow-up rates are related to the probability of exposure or the outcome.  However, this is an unlikely bias in the epidemiologic studies of lymphatic leukemia as the case-control study evaluated exposure status without regard to outcome status and had participation levels of approximately 77%.  Each of the cohort studies also included at least 75% of eligible participants and lost fewer than 3% of participants over the course of mortality follow-up.

The epidemiologic studies, which reported only summary effect estimates in comparison to those in the general population, may include two different kinds of selection biases called the healthy-worker effect and the healthy-workers survivor effect.  Both of these biases can actually underestimate risk of exposure in occupational populations by comparing their health to that of a less healthy general population.  While these biases are more common for cardiovascular or respiratory effects, they could have biased the lymphatic leukemia mortality findings resulting in lower observed risk estimates.  A significant healthy-worker effect has been observed for a number of cancers as demonstrated by a large cancer incidence study of workers exposed to radiation (Sont et al., 2001).  These types of selection bias may have somewhat obscured a truly larger effect of formaldhyde exposure on the risk of death from lymphatic leukemia and may explain the preponderance of effect estimates below unity.  Nonetheless, there did not appear to be an association between the risk of lymphatic leukemia with exposure to formaldehyde.

Information bias may distort findings when subjects’ true personal exposures are inaccurately assigned.  Random measurement error typically results in a bias towards the null thereby obscuring any real effect by underestimating the effect’s  magnitude.  However, results consistently showed the absence of an association – regardless of the quality of exposure assessment.

Confounding is another potential bias which could arise if another cause of lymphatic leukemia was statistically associated with formaldehyde exposure.  However, there does not appear to be any evidence of negative confounding which could have obscured a real but unobserved effect.



Conclusion

	The weight of the epidemiologic evidence suggests of no causal relationship between formaldehyde exposure and increased risk of developing and dying from lymphatic leukemia.






[bookmark: OLE_LINK1]Figure LL.  Epidemiologic studies reporting lymphatic leukemia risk estimates.  Results specifically for chronic lymphatic leukemia (CLL) are noted by these abbreviations.  SMR: standardized mortality ratio.  PMR: proportionate mortality ratio.  RR: relative risk.  OR: odds ratio.  For each measure of association, the number of exposed cases is provided in brackets (i.e., [n=4]).  For studies reporting results on multiple metrics of exposure, each metric is included; however, only the highest category of each exposure metric is presented in the figure.  




		Table LL: Epidemiologic studies of formaldehyde exposure and risk of lymphatic leukemia



		Study

		Exposures

		Results: Effect estimate (95% CI) [# of cases]



		Reference: Beane Freeman et al. (2009) with supplemental online tables.



Population: 25,619 workers employed at 10 formaldehyde using or formaldehyde producing plants in the U.S. followed from either the plant start-up or first employment through 2004. Deaths were identified from the National Death Index with remainder assumed to be living. Vital status was 97.4% complete and only 2.6% lost to follow-up.



Outcome definition: Death certificates used to determine underlying cause of death from lymphatic leukemia (ICD-8: 204).



Design: Prospective cohort mortality study with external and internal comparison groups.



Analysis: RRs estimated using Poisson regression stratified by calendar year, age, sex, and race; adjusted for pay category compared to workers in lowest exposed category.  Lagged exposures were evaluated to account for cancer latency.



SMRs calculated using sex, age, race, and calendar-year-specific U.S. mortality rates.



Related studies:

Blair et al. (1986)

Hauptmann et al. (2003)

		Exposure assessment: Individual-level exposure estimates based on job titles, tasks, visits to plants by study industrial hygienists, and monitoring data through 1980. 



Median Time Weighted Average (over 8 hours)=0.3 ppm (range 0.01-4.3).  Median cumulative exposure=0.6 ppm-years (range 0-107.4). 



Multiple exposure metrics including peak, average, and cumulative exposures were evaluated using categorical and continuous data.



Duration and timing: Exposure period from <1946-1980. Median length of follow-up: 42 years. Duration and timing since first exposure were not evaluated.



Variation in exposure:

Peak exposure:

     Level 1 (>0 to <2.0 ppm)

     Level 2 (2.0 to < 4.0 ppm) 

     Level 3 (≥ 4.0 ppm)

Average intensity:

     Level 1 (>0 to <0.5ppm)

     Level 2 (0.5 to < 1.0 ppm) 

     Level 3 (≥ 1.0 ppm)

Cumulative exposure:

     Level 1 (>0 to <1.5 ppm-yrs)

     Level 2 (1.5 to < 5.5 ppm-yrs) 

     Level 3 (≥ 5.5 ppm-yrs)



Co-exposures: Exposures to 11 other compounds were identified and evaluated as potential confounders.

		Internal comparisons:

Peak exposure

     Unexposed   RR=0.27 (0.03-2.13)    [1]

     Level 1         RR=1.00 (Ref. value) [14]

     Level 2         RR=0.81 (0.33-1.96)    [8]

     Level 3         RR=1.15 (0.54-2.47)  [14]

     p-trend (exposed) > 0.50;

     p-trend (all) = 0.30



Average intensity

     Unexposed   RR=0.26 (0.03-2.01)    [1]

     Level 1         RR=1.00 (Ref. value) [22]

     Level 2         RR=0.92 (0.39-2.16)    [7]

     Level 3         RR=0.88 (0.37-2.11)    [7]

     p-trend (exposed) > 0.50;

     p-trend (all) > 0.50



Cumulative exposure

     Unexposed   RR=0.24 (0.03-1.88)    [1]

     Level 1         RR=1.00 (Ref. value) [21]

     Level 2         RR=0.57 (0.21-1.54)    [5] 

     Level 3         RR=1.02 (0.47-2.21)  [10]

     p-trend (exposed) = 0.46;

     p-trend (all) = 0.41



External comparisons:

SMRUnexposed    = 0.26 (0.04-1.82)          [1]

SMRExposed       = 1.15 (0.83-1.59)        [36]









		Reference: Pinkerton et al. (2004)



Population: 11,039 workers in 3 U.S. garment plants exposed for at least 3 months. Women comprised 81.7% of the cohort.  Vital status was followed through 1998 with 98.3% completion and only 1.7% lost to follow-up.



Outcome definition: Death certificates used to determine both the underlying cause of death (UCOD) as well as all contributing multiple causes of death (MCOD) from lymphatic leukemia (ICD-code in use at time of death).



Design: Prospective cohort mortality study with external comparison group.



Analysis: SMRs calculated using sex, age, race, and calendar-year-specific U.S. mortality rates.  Results presented here are UCOD unless otherwise noted.



Related studies:

Stayner et al. (1985)

Stayner et al. (1988)

		Exposure assessment: Individual-level exposure estimates for 549 randomly selected workers during 1981 and 1984.  Geometric 8-hr time-weighted average exposures ranged from 0.09-0.20 ppm.  Overall geometric mean concentration of formaldehyde was 0.15 ppm, (GSD 1.90 ppm).  Area measures showed constant levels without peaks.  Historically earlier exposures may have been substantially higher.



Duration and timing: Exposure period from 1955-1983. Median duration of exposure was 3.3 years.  More than 40% exposures <1963.  Median time since first exposure was 31.7 years.  Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Study population specifically selected because industrial hygiene surveys at the plants did not identify any chemical exposures other than formaldehyde that were likely to influence findings.

		External comparisons:

SMR=0.60 (0.12-1.75)                             [3]







		Reference: Blair et al. (2000)



Population: White men, 30 years of age or older, identified from the Iowa cancer registry and the Minnesota hospital surveillance network during 1980-1983.  Participation of eligible cases was 86% and approximately 77-79% for controls including 77% for surrogate respondents for deceased subjects.



Outcome definition: Diagnosis of leukemia was confirmed by pathology review for all cases.  



Design: Population-based case-control study of 513 white men with leukemia from Iowa and Minnesota cancer surveillance networks. 1,087 controls were frequency-matched on 5-yr age groups, vital status and state.



Analysis: ORs calculated for job titles, employment duration and exposure intensity using unconditional logistic regression controlling for age, state, direct/surrogate response and co-exposures – including smoking. Analyses by year of first exposure were also conducted to evaluate latency.

		Exposure assessment: Individual-level exposure estimates developed based on a job-exposure matrix for each job held for more than 1 year, the industry where employed, and starting and ending year the job was held. 



Exposure intensity and probability assessed for formaldehyde and other exposures.  Exposure intensity refers to the level likely experienced and considered an 8-hour time-weighted average over a year.



Duration and timing: Exposure period based on occupational histories prior to 1983. Duration and timing since first exposure were evaluated.



Variation in exposure:

Intensity of exposure:

     Level 1 (unexposed)

     Level 2 (low) 

     Level 3 (high)



Co-exposures: Co-exposures evaluated included: benzene, other organic solvents, petroleum-based oil and greases, cooking oils, ionizing radiation, dusts, gasoline and diesel vapors and exhausts, paints, asbestos, electromagnetic fields, metals, asphalt, tar products, cattle, fresh meat and solder fumes.

		Internal comparisons:

Acute Lymphatic Leukemia (ICD-9:204.0)

     No exposed cases



Chronic Lymphatic Leukemia (ICD-9:204.1)

     Level 1         OR=1.0 (Ref. value) [483]

     Level 2         OR=1.2 (0.7-1.8 )       [29]

     Level 3         OR=0.6 (0.1-5.3)          [1]



No notable findings were reported for duration of time since first exposure to formaldehyde.



		Reference: Hayes et al. (1990)  



Population: 4,046 deceased U.S. male embalmers and funeral directors, derived from licensing boards and funeral director associations in 32 states and the District of Columbia who died during 1975-1985. Death certificates obtained for 79% of potential study subjects (n=6,651) with vital status unknown for 21%.



Outcome definition:  Death certificates and licensing boards used to determine cause of death from lymphatic leukemia (ICD-8: 204).



Design: Proportionate mortality cohort study with external comparison group.



Analysis: PMRs calculated using sex, race, age, and calendar-year-expected deaths from the U.S. population.

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.  Exposure based on occupation which was confirmed on death certificate.  Authors subsequently measured personal embalming exposures ranging from 0.98 ppm (high ventilation) to 3.99 ppm (low ventilation) with peaks up to 20 ppm.



Authors state that major exposures are to formaldehyde and possibly gluteraldehyde and phenol.



Duration and timing: Occupational exposure preceding death during 1975-1985.  Of 115 deaths from lymphohematopoietic cancer, 66 (57%) were aged 60-74 years. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated. 

		External comparisons:

PMR=0.74 (0.29-1.53)               [7]



		Reference: Walrath and Fraumeni (1984)



Population: 1,007 deceased white male embalmers from California who died during 1925-1980.  Death certificates obtained for all.  



Outcome definition:  Lymphatic leukemia (ICD-8: 204) listed as cause of death on death certificate.



Design: Proportionate mortality cohort study with external comparison group.



Analysis: PMRs calculated using sex, race, age, and calendar-year-expected deaths from the U.S. population. 

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.



Duration and timing: Occupational exposure preceding death during 1916-1978.  Birth year ranged from 1847-1959.  Median age of death was 62 years.  Most deaths were among embalmers with active licenses. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated.  

		External comparisons:

Observed: 4 lymphatic leukemia deaths 

Expected: 2.6 lymphatic leukemia deaths 



PMR=0 (0-1.36)†              [0 vs. 2.2 expected]



†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)



		Reference: Walrath and Fraumeni (1983b)



Population: 1,132 deceased white male embalmers licensed to practice during 1902-1980 in New York who died during 1925-1980 identified from registration files.  Death certificates obtained for 75% of potential study subjects (n=1,678).



Outcome definition:  Lymphatic leukemia (ICD-8: 204) listed as cause of death on death certificate.



Design: Proportionate mortality cohort study with external comparison group.



Analysis: PMRs calculated using sex, race, age, and calendar-year-expected deaths from the U.S. population.

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.



Duration and timing:

Occupational exposure preceding death during 1902-1980.  Median year of birth was 1901.  Median year of initial license was 1931.  Median age at death was 1968.  Expected median duration of exposure was 37 years. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated.  

		External comparisons:

Observed: 0 lymphatic leukemia deaths 

Expected: 2.2 lymphatic leukemia deaths 



PMR=1.54 (0.49-3.71)†                 [4]



†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)










1.2.2.1.3 Multiple myeloma

Multiple myeloma is a specific type of lymphohematopoietic cancer believed to originate in mature lymphoid cells.  Historically, the diagnosis of multiple myeloma used in epidemiologic studies has been ascertained from death certificates according to the version of the International Classification of Diseases (ICD) in effect at the time of study subjects’ deaths [i.e., ICD-8 and ICD-9: Code 203 (WHO, 1967; 1977)].



Epidemiologic evidence 

Evidence describing the association between formaldehyde exposure and the risk of developing and dying from multiple myeloma was available from 13 epidemiologic studies − five case-control study (Hauptmann et al., 2009; Heineman et al., 1992; Pottern et al., 1992; Boffetta et al., 1989; Ott et al., 1989) and eight cohort studies (Beane Freeman et al., 2009; Coggon et al., 2003; Stayner et al., 1988; Stellman et al., 1998; Dell and Teta, 1995; Edling et al., 1987; Hayes et al., 1990; Robinson et al., 1987).  Study details are provided in the evidence table for multiple myeloma (Table MM).



Causal Evaluation and Conclusion

The evidence of an association was evaluated using a weight-of-evidence approach as outlined in the U.S. EPA’s Guidelines for Carcinogen Risk Assessment (EPA, 2005a).  The causal evaluation for formaldehyde exposure and the risk of developing and dying from multiple myeloma placed the greatest weight on three particular considerations: 1) the repeated observations of increases in risk across studies was sufficiently consistent to demonstrate a potential association – especially for high peak exposures; 2) the strength of the association showing an approximate 1.2 to 4-fold increase in risk with the best evidence showing a 2-fold increase in risk with high peak exposures; and 3) the very limited evidence of an exposure-response relationship from a single study showing that increased exposure to formaldehyde was associated with increased risk of dying from multiple myeloma.   



The weight of the epidemiologic evidence is suggestive of an association between formaldehyde exposure and increased risk of developing and dying of multiple myeloma.


Consistency of the observed association

Eleven of the 13 studies reported some measure of increased risk of death from multiple myeloma associated with exposure to formaldehyde (Beane Freeman et al., 2009; Coggon et al., 2003; Dell and Teta, 1995; Pottern et al., 1992; Heineman et al., 1992; Boffetta et al., 1989; Stayner et al., 1988; Edling et al., 1987; Hayes et al., 1990; Robinson et al., 1987).  The multiple findings of elevated risks are suggestive of an association between formaldehyde exposure and the risk of deaths from multiple myeloma.  However, only the study by Beane Freeman reported a finding that was statistical robust enough to rule out chance.  The study results presented in Table MM (by publication date) detail all of the reported associations between exposures to formaldehyde and the risks of developing and dying from multiple myeloma.  Results are plotted in Figure MM; results are grouped by the exposure-assessment methodology (e.g., population-level vs. individual-level) and the source of the cancer data (e.g., American Cancer Society or Danish cancer registry) or type of occupation of exposed workers (e.g., Industrial workers).

The first five studies shown at the left in Figure MM (Robinson et al., 1987; Edling et al., 1987; Stayner et al., 1988; Hayes et al., 1990; Dell and Teta, 1995) followed the health of plywood mill workers, workers making grinding wheels bound with formaldehyde resins, workers exposed to formaldehyde in garment factories, embalmers and workers manufacturing plastics – professions known to be exposed to formaldehyde.  Importantly, except for the garment workers (Stayner et al., 1988), all of these professions were exposed to high peak concentrations of formaldehyde.  The plywood mill workers studies by Robinson et al., 1987) would have been exposed to high concentrations of formaldehyde as that industry converted from using protein glues to using phenol formaldehyde resins and hot pressing techniques to cure the adhesive. It has been reported that at similar mills in Finland during the same time period, formaldehyde exposures ranged high as 4.9 ppm for glue preparation and 9.5 ppm for hot press operations (Kauppinen and Niemelä, 1985).  Edling et al. (1987) reported that the workers making grinding wheels bound with formaldehyde resins were exposure to peak formaldehyde levels of up to 20-30 mg/m3 (15-23 ppm).  Embalmers are also exposed to high peak formaldehyde concentrations with mean exposures of more than 2 ppm and peaks as high as 8.7 ppm (Stewart et al., 1992).  Workers at the plastics manufacturing facilities studied by Dell and Teta (1995) were exposed to formaldehyde, formaldehyde resins and formaldehyde molding compounds.  An independent occupational hygiene survey of facilities producing similar products reported peak exposure for these activities of 1.88 ppm, 30.45 ppm and 60.77 ppm respectively (Stewart, Cubit and Blair, 1987).  These results of these five studies are displayed beneath the header of “Population-level exposure assessment.”  All five studies showed elevated relative risks of multiple myeloma mortality as measured by the mortality ratios; although none had sufficient statistical power rule out chance as an alternative explanation for the findings. 

The second set of eight studies is displayed in Figure MM (Boffetta et al., 1989; Stellman et al., 1998; Pottern et al., 1992; Heineman et al., 1992; Hauptmann et al., 2009; Coggon et al., 2003; Ott et al., 1989; Beane Freeman et al., 2009) beneath the header of “Individual-level exposure assessment.”  In principle, a general strength of this second set of studies was their use of individualized exposure data; however, the quality of the exposure assessment for each individual varied considerably across this set of studies.  These eight studies with individual-level exposure assessment can be divided into two groups based on the methods of exposure assessment.  The first grouping gathered minimal information on formaldehyde exposure from large population samples (Boffetta et al., 1989; Stellman et al., 1998; Pottern et al., 1992; Heineman et al., 1992) while the second grouping focused on workers who were occupationally exposed to formaldehyde and used work assignments or job histories matched to exposure data to assess workers’ formaldehyde exposures (Hauptmann et al., 2009; Coggon et al., 2003; Ott et al., 1989; Beane Freeman et al., 2009).

The exposure assessment methodology for the first grouping of four studies was especially crude. Exposure assessment was limited to either a one-time questionnaire asking participants to check off a box if they were ‘ever’ exposed to formaldehyde in the workplace or in daily life (Boffetta et al., 1989; Stellman et al., 1998) or using the occupation listed on individuals’ most recent annual tax records to estimate previous occupational formaldehyde exposure as ‘none’, ‘possible’, or ‘probable’ (Pottern et al., 1992; Heineman et al., 1992).  While the large size of these studies was considered to be a strength, the weaknesses of their relatively low quality exposure assessment outweighed that strength.  It is well known that the use of low quality exposure data in epidemiologic studies may preclude the ability to detect all but the strongest association.  

The second grouping of studies, with relatively higher quality individual-level exposure to formaldhyde, examined occupational exposure at different points in time and linked this to measured or estimated exposures (Hauptmann et al., 2009; Coggon et al., 2003; Ott et al., 1989; Beane Freeman et al., 2009).  While the ratios of multiple myeloma mortality in each of these cohorts compared to the general population did not show elevated risks, two studies (Coggon et al., 2003; Beane Freeman et al., 2009) showed some elevation in  risks when analyses focused on the most highly exposed workers.  Among all the studies that used individual-level exposure assessment, the study with the highest quality exposure assessment methodology was the National Cancer Institute study (Beane Freeman et al., 2009) among industrial workers at facilities either using formaldehyde or producing formaldehyde.  This study reported the most comprehensive analysis of the association between formaldehyde exposure and the risks of death from multiple myeloma.  Beane Freeman et al. (2009) reported on three different measures of exposure to formaldehyde and showed elevated risk across all three measures; the most pronounced effects showed a 2-fold increased risk of mortality from multiple myeloma associated with the highest level of peak exposure to formaldehyde.

The five studies with population-level exposure assessment (see Figure MM), were consistent in showing an elevated risk although none was able to rule out chance.  The large population studies with only crude measures of formaldehyde exposure reported mixed results with only a slightly higher risk for those judged to be “Probably” exposed.  The studies of industrial workers did not show increased risks in their populations as a whole but did report somewhat higher risks among the workers with highest exposure when individual-level exposures were considered.  Peak exposure was the measure most clearly associated with increased risk of death from multiple myeloma (Beane Freeman et al., 2009).

While the overall results were mixed, setting aside the large population-based studies with crude exposure assessment (Boffetta et al., 1989; Stellman et al., 1998; Pottern et al., 1992; Heineman et al., 1992), the remainder all show some indication of elevated risk of death from multiple myeloma to be associated with exposure to formaldehyde.  The repeated observations of increases in risk across the studies of different groups of workers exposed to formaldehyde, including high peak concentrations, and the demonstration of an association with peak formaldehyde levels in an industrial setting were consistent with a potential association of formaldehyde exposure with an increased risk of multiple myeloma mortality.



Strength of the observed association

The strength (i.e., magnitude) of an observed association can depend on the precision of the exposure assessment methodology, the timing of mortality follow-up in relation to the relevant exposures, baseline risk factors of the study population and the relative contrast in exposures that are being compared (i.e., a higher relative risk may be expected when comparing across a wider range of exposures than comparisons across a more limited range).  While reported risks were generally elevated across the studies, the magnitude of the risks varied with the quality of the exposure assessment.  Setting aside the large population-based studies with crude exposure assessment (Boffetta et al., 1989; Stellman et al., 1998; Pottern et al., 1992; Heineman et al., 1992) and focusing on individual-level exposure results where possible, the strength of the associations ranged from 1.2 – 4.0, but the upper end of that range was based on two studies with very few formaldehyde-exposed cases.  The results at the highest levels of peak formaldehyde exposure showed an approximately 2-fold relative increase in risk of death from multiple myeloma.



Specificity of the observed association

Specificity refers to an increased inference of causality if a single cause is associated with a single effect or disease, as is seen with respect to a specific infectious disease caused by a specific virus (Hill, 1965).  Based on an understanding that many agents cause cancer at multiple sites (e.g., tobacco), specificity is generally not considered to be a necessary condition for making causal inferences regarding cancer.

	Nonetheless, specificity in the diagnoses of the cancer is important – especially for lymphohematopoietic cancers, which are heterogeneous in nature and arise from different cell lines.  Only the specific diagnosis of multiple myeloma was considered here.  The most specific classification of multiple myeloma diagnosis that is commonly reported across the epidemiologic literature has been based on the first three digits of the Eighth or Ninth Revision of the ICD code without further differentiation (i.e., Multiple myeloma ICD-8/9: 203).



Temporal relationship of the observed association

Two related aspects of time are encompassed in temporality.  One aspect is the necessity for the exposure to precede the onset of the disease.  In each of the six epidemiologic studies, the work-related formaldhyde exposures among the study participants occurred before their deaths.  The second aspect involves the time course (i.e., latency) of disease and death from multiple myeloma following exposure to formaldehyde, which may be expected to take more than a decade.  While the length of mortality follow-up varied across all the studies, the two studies by the American Cancer Society had follow-up periods on only four and six years (Boffetta et al., 1989; Stellman et al., 1998) which indicates that the study designs may not have allowed sufficient time for cancer induction, latency and mortality.  Only one study provided details on the length of cancer latency and reported that for the three deaths from multiple myeloma, the latencies were 17, 26 and 31 years.  None of the other studies provided analyses of this temporal relationship showing similar latency periods for the cancer to develop and progress to death; therefore, there is no evidence to weigh regarding the time-course of disease and mortality following exposure to formaldehyde.



Exposure-response relationship

	An exposure-response relationship showing increasing effects associated with greater exposure strongly suggests cause and effect, especially when such relationships are also observed for duration of exposure (USEPA, 2005a: p. 2-14).  There were few reported examples of exposure-response relationships evident in these multiple myeloma studies and no associations with exposure duration were reported.  Coggon et al. (2003) did report a modest increase in risk among those workers in the ‘high’ exposure category.  However, according to the author who initiated this cohort study (Gardner et al., 1993), their study’s methodology may have misclassified too many workers in the ‘highly’ exposed group.  As discussed in the following section on information bias, the effect of exposure misclassification is typically an attenuation of any exposure-response relationship.  Therefore, the results of Coggon et al. (2003) provide only scant evidence of an exposure response-relationship between formaldehyde exposure and the risk of mortality from multiple myeloma but do not preclude the potential for such a relationship among the highly exposed had that category been more selectively defined.

	The study by Beane Freeman et al. (2009) was the only other which reported data to evaluate for an exposure-response relationship.  This study reported on three different measures of exposure to formaldehyde and showed elevated risk across all three measures with 2-fold increased risk of mortality from multiple myeloma associated with the highest level of peak exposure to formaldehyde.  However, only the workers in the highest category of peak formaldehyde exposure were found to be at statistically significant higher risk (95% CI: 1.01, 4.12) and the test for trend among those exposed to formaldehyde showed increasing risk with increasing peak formaldehyde exposures (p=0.08).



Biologic plausibility

Formaldehyde is present endogenously as a normal constituent of living cells in humans and animals.  It has been reported that blood concentrations of formaldehyde in humans and animals are unaltered following inhalation of exogenous formaldehyde (Heck et al ., 1985).  Since multiple myeloma is a cancer which originates in the bone marrow, there is some doubt that exogenous formaldehyde, which is highly reactive, could be transported from the portal of entry to the bone marrow.  Limited evidence from short-term studies in rodents have reported that labeled exogenous formaldehyde does not reach the bone marrow within 5 days following exposure (Lu et al., 2011; Moeller et al., 2011; Swenberg et al., 2011).  Thus, it has been theorized that it is biologically implausible that exogenous formaldehyde could directly cause leukemia, and by correlation, multiple myeloma (Heck and Casanova, 2004).

However, studies of workers exposed to formaldehyde have reported subsequent hematotoxicity (Tang et al., 2009).  These findings, while limited, suggest that formaldehyde exposure may be associated with changes in blood biomarkers that may reflect the early development of leukemia (Zhang et al., 2010; Zhang et al., 2009).  Therefore, EPA considers it plausible that there is an association of formaldehyde exposure with the development of multiple myeloma.



Potential impact of selection bias, information bias, confounding bias, and chance

Selection bias may alter epidemiologic findings when participation or follow-up rates are related to the probability of exposure or the outcome.  However, this is an unlikely bias in the epidemiologic studies of multiple myeloma as the case-control evaluated exposure status without regard to outcome status and had participation levels of 77-100% and each of the cohort studies included at least 79% of eligible participants and lost fewer than 4% of participants over the course of mortality follow-up.

Effect estimates that are based on a comparison of exposed workers to a general population (e.g., standardized mortality ratios) may be affected by two different kinds of selection biases called the healthy-worker effect and the healthy-worker survivor effect.  These biases may result in an underestimate of risk due to exposures in occupational populations by comparing their health to that of a less healthy general population.  While these biases are more common for cardiovascular or respiratory effects, a significant healthy-worker effect has been observed for a number of cancers as demonstrated by a large cancer incidence study of workers exposed to radiation (Sont et al., 2001).  This type of selection bias could obscure a truly larger effect of formaldhyde exposure in analyses based on “external” comparisons with mortality in the general population (Robinson et al., 1987; Edling et al., 1987; Stayner et al., 1988; Hayes et al., 1990; Dell and Teta, 1995; Coggon et al., 2003; Beane Freeman et al., 2009), but would not influence analyses using “internal” or matched comparison groups (Boffetta et al., 1989; Stellman et al., 1998; Pottern et al., 1992; Heineman et al., 1992; Beane Freeman et al., 2009; Hauptman et al., 2009;).

Information bias may distort findings when subjects’ true personal exposures are inaccurately assigned.  A differential misclassification, in which exposure status influences disease classification (or disease status influences exposure classification) can lead to spurious (i.e., “false positive”) associations.  This scenario is considered unlikely among these studies of multiple myeloma mortality because the likelihood of differential misclassification based on these study designs is low.  The assignment of exposure status or calculation of exposure measures in the cohort studies was done independent of knowledge of the cause of death.  Likewise, in the case-control studies, the assessment of exposures was independent of case status

Another aspect of information bias stems from random measurement error or non-differential misclassification and this type typically has the effect of causing bias towards the null, thereby obscuring potentially real effects by underestimating their magnitude.  This is particularly true for four large studies which relied on very crude assessments of exposure (Boffetta et al., 1989; Stellman et al., 1998; Pottern et al., 1992; Heineman et al., 1992).  The weaknesses of their relatively low quality exposure assessment may have precluded their ability to detect an association.  While this assertion cannot be confirmed, a large degree of imprecision in assessing exposure resulting in bias towards the null could explain the generally null findings of these four studies which appeared to be inconsistent with the indication of increased risk reported in the majority of the other studies.  Given the difficulty in accurately estimating personal exposure over time, the likelihood of random measurement error is almost certain; a factor which implies that the consistently reported increase in risks of formaldehyde-related mortality may be themselves be underestimates.  

Chemical exposures that have not been independently associated with multiple myeloma are not expected to confound results.  Confounding is a potential bias which could arise if another cause of multiple myeloma was also associated with formaldehyde exposure.  There does not appear to be any evidence of confounding that would provide an alternative explanation for the observed association of formaldehyde exposure with increased risk of multiple myeloma seen in these studies.  Other known risk factors for multiple myeloma include age, gender, race and exposure to benzene (Vlaanderen et al., 2011).  Risks of multiple myeloma are higher with advancing age, among men and the age-adjust mortality rate in black Americans was more than twice as high as among white Americans in 2008 (NCI, 2012).  All of the epidemiologic studies controlled for age and gender.  Only one study reported results according to race (Hayes et al., 1990) who reported statistically significant increased risks among ‘non-whites’ showing a PMR=3.69 (95% CI: 1.59, 7.26)

Benzene was not noted as a co-exposure in the studies of woodworkers (Robinson et al., 1987), workers making grinding wheels (Edling et al., 1987), garment plants (Stayner et al., 1985), embalmers (Hayes et al, 1990) and consequently, would not be expected to be a confounder of those results. In the study of workers manufacturing plastics, Dell and Teta (1995) examined possible co-exposures with benzene but concluded that there were no obvious common exposures. Benzene exposures were not reported in the study of British industrial workers (Coggon et al., 2003) although it is a possible co-exposure.  However, in a cohort of U.S. industrial workers with similar occupational activities, benzene was specifically assessed as a potential confounder among the U.S. industrial workers (Beane Freeman et al., 2009) and found not to be a confounder.  

Setting aside the large studies with crude exposure assessment, the repeated pattern of elevated risks across multiple studies, in different populations, exposure scenarios, and time periods demonstrates reasonable consistency.  Such consistency makes unmeasured confounding an unlikely alternative explanation for the observed association, and reduces the likelihood of chance as an alternative explanation by increasing the statistical strength of the findings through the accumulation of a larger body of similar evidence.  While there was only one statistically robust observation of an exposure-response relationship showing increased risks with high peak exposures, this is supported by the repeated findings of elevated risk among professions known to have high peak formaldehyde exposures.

 

Conclusion

The weight of the epidemiologic evidence is suggestive of an association between formaldehyde exposure and increased risk of developing and dying of multiple myeloma.





Figure MM.  Epidemiologic studies reporting multiple myeloma risk estimates.  SMR: standardized mortality ratio.  PMR: proportionate mortality ratio.  RR: relative risk.  OR: odds ratio.  For each measure of association, the number of exposed cases is provided in brackets (i.e., [n=3]).  For studies reporting results on multiple metrics of exposure, each metric is included; however, only the highest category of each exposure metric is presented in the figure. 


		Table MM: Epidemiologic studies of formaldehyde exposure and risk of multiple myeloma



		Study

		Exposures

		Results: Effect estimate (95% CI) [# of cases]



		Reference: Beane Freeman et al. (2009) with supplemental online tables.



Population: 25,619 workers employed at 10 formaldehyde using or formaldehyde producing plants in the U.S. followed from either the plant start-up or first employment through 2004. Deaths were identified from the National Death Index with remainder assumed to be living.  676 workers (3%) were lost to follow-up. Vital status was 97.4% complete and only 2.6% lost to follow-up.



Outcome definition: Death certificates used to determine underlying cause of death from multiple myeloma (ICD-8: 203).



Design: Prospective cohort mortality study with external and internal comparison groups.



Analysis: RRs estimated using Poisson regression stratified by calendar year, age, sex, and race; adjusted for pay category compared to workers in lowest exposed category.  Lagged exposures were evaluated to account for cancer latency.



SMRs calculated using sex, age, race, and calendar-year-specific U.S. mortality rates.



Related studies:

Blair et al. (1986)

Hauptmann et al. (2003)

		Exposure assessment: Individual-level exposure estimates based on job titles, tasks, visits to plants by study industrial hygienists, and monitoring data through 1980. 



Median Time Weighted Average (over 8 hours)=0.3 ppm (range 0.01-4.3).  Median cumulative exposure=0.6 ppm-years (range 0-107.4). 



Multiple exposure metrics including peak, average, and cumulative exposures were evaluated using categorical and continuous data.



Duration and timing: Exposure period from <1946-1980. Median length of follow-up: 42 years. Duration and timing since first exposure were not evaluated.



Variation in exposure:

Peak exposure:

     Level 1 (>0 to <2.0 ppm)

     Level 2 (2.0 to < 4.0 ppm) 

     Level 3 (≥ 4.0 ppm)

Average intensity:

     Level 1 (>0 to <0.5ppm)

     Level 2 (0.5 to < 1.0 ppm) 

     Level 3 (≥ 1.0 ppm)

Cumulative exposure:

     Level 1 (>0 to <1.5 ppm-yrs)

     Level 2 (1.5 to < 5.5 ppm-yrs) 

     Level 3 (≥ 5.5 ppm-yrs)



Co-exposures: Exposures to 11 other compounds were identified and evaluated as potential confounders

		Internal comparisons:

Peak exposure

     Unexposed   RR=2.74 (1.18-6.37)  [11]

     Level 1         RR=1.00 (Ref. value) [14]

     Level 2         RR=1.65 (0.76-3.61)  [13]

     Level 3         RR=2.04 (1.01-4.12)  [21]

     p-trend (exposed) = 0.08;

     p-trend (all) > 0.50



Average intensity

     Unexposed   RR=2.18 (1.01-4.70)  [11]

     Level 1         RR=1.00 (Ref. value) [25]

     Level 2         RR=1.40 (0.68-2.86)  [11]

     Level 3         RR=1.49 (0.73-3.04)  [12]

     p-trend (exposed) > 0.50;

     p-trend (all) > 0.50



Cumulative exposure

     Unexposed   RR=1.79 (0.83-3.89)  [11]

     Level 1         RR=1.00 (Ref. value) [28]

     Level 2         RR=0.46 (0.18-1.20)    [5] 

     Level 3         RR=1.28 (0.67-2.44)  [15]

     p-trend (exposed) > 0.50;

     p-trend (all) > 0.50



External comparisons:

SMRUnexposed    = 1.78 (0.99-3.22)        [11]

SMRExposed       = 0.94 (0.71-1.25)        [48]







		Reference: Hauptmann et al. (2009)



Population: 6,808 embalmers and funeral directors who died during 1960-1986.  Identified from registries of the National Funeral Directors’ Association, licensing boards and state funeral directors’ associations, NY State Bureau of Funeral Directors and CA Funeral Directors and Embalmers.  Deaths were identified from the National Death Index. Next of kin interviews conducted for 96% of cases and 94% of controls.



Outcome definition:  Death certificates used to determine underlying cause of death from multiple myeloma (ICD-8: 203).



Design: Nested case-control study within a prospective cohort mortality study using two internal comparison groups; the first comprised of those who had never embalmed [1 case and 55 controls] and the second comprised of those who had fewer than 500 embalmings [5 cases and 83 controls].  



Analysis: Odds ratios calculated using unconditional logistic regression adjusted for date of birth, age at death, sex, data source and smoking. Lagged exposures were evaluated to account for cancer latency.



Results from the second internal comparison group with <500 embalmings were selected to increase statistical stability.



Related studies:

Hayes et al. (1990)

Walrath and Fraumeni (1983)

Walrath and Fraumeni (1984)



Note:  The original cohorts from these three related studies were combined in Hauptmann et al. (2009) and follow-up was extended so the case-series overlap and are not independent.  However, the three related cohorts used external reference groups for comparison while Hauptmann et al. (2009) select internal controls which were independent of the reference groups used in the other studies.

		Exposure assessment: Occupational history obtained by interviews with next of kin and coworkers using detailed questionnaires.



Exposure was assessed by linking questionnaire responses to an exposure assessment experiment providing measured exposure data.  Exposure levels (peak, intensity and cumulative) were assigned to each individual using a predictive model based on the exposure data.  The model explained 74% of the observed variability in exposure measurements.



Multiple exposure metrics including duration (mean=33.1 yrs in cases), # of embalming, peak, average, and cumulative exposures were evaluated using categorical and continuous data.



Duration and timing: Exposure period from <1932-1986. Year of birth ranged from 1876-1959. Year of deaths ranged from 1960-1986.  Duration of exposure was evaluated. Duration is also a surrogate for time since first exposure since dates of death were closely related to cessation of workplace exposures



Variation in exposure:

Ever/Never



Co-exposures: None evaluated analytically. 

		Internal comparisons:

Ever embalming: OR=1.4 (0.4-5.6)    [not given]







		Reference: Coggon et al. (2003)



Population: 14,014 British men employed in 6 chemical industry factories which produced formaldehyde.  Cohort mortality followed from 1941 through 2000.  Vital status was 98.9% complete and only 1.1% lost to follow-up.



Outcome definition: Death certificates used to determine cause of deaths from multiple myeloma (ICD-9: 203).



Design: Cohort mortality study with external comparison group.



Analysis: SMRs based on English and Welsh age- and calendar-year-specific mortality rates.



Related studies:

Acheson et al. (1984)

Gardner et al. (1993)

		Exposure assessment: Exposure assessment based on data abstracted from company records.  Jobs categorized as background, low, moderate, high, or unknown levels.



Duration and timing: Occupational exposure during 1941-1982. Duration and timing since first exposure were not evaluated.



Variation in exposure:

Time Weighted Average exposure

     Level 1 (low)

     Level 2 (moderate) 

     Level 3 (high)



Co-exposures: Not evaluated. Potential low-level exposure to styrene, ethylene oxide, epichlorhydrin, solvents, asbestos, chromium salts, and cadmium.

		External comparisons:

SMR=0.86 (0.48-1.41)    [15]



Within-study external comparisons:

Worked in ‘High’ exposure jobs

SMR=1.18 (0.48-2.44)    [7]







		Reference: Stellman et al. (1998)



Population: 317,424 U.S. men enrolled in the American Cancer Society’s Cancer Prevention Study II during 1982 with sufficient data on occupation.  Cohort mortality followed until August 1988 with 98% complete follow-up. 



Outcome definition: Death certificates used to determine cause of deaths from multiple myeloma (ICD-9: 203).



Design: Prospective cohort study with internal comparison group.



Analysis: RR calculated using Poisson regression controlling for sex, age, age smoking.

		Exposure assessment: Individual-level exposure ascertained from questionnaire on occupation with specific exposure to formaldehyde based on checkbox.  Formaldehyde analyses limited to workers not in wood-related occupations.



Duration and timing: Occupational exposures prior to 1982.  Timing of formaldehyde exposure not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Wood dust excluded.

		Internal comparisons:

RR=0.74 (0.27-2.02)                [4]









		Reference: Dell and Teta (1995)



Population: 5,932 men employed at a New Jersey plastics manufacturing plant for at least 7 months during 1946-1967. Cohort mortality followed through 1988.

Vital status was 94% complete and only 6% lost to follow-up. Death certificates obtained for 98%.



Outcome definition:  Death certificates used to determine underlying cause of death from multiple myeloma based on ICD code at time of death.



Design: Cohort mortality study with external comparison group.



Analysis: SMRs calculated using sex, race, age and calendar-year-expected numbers of deaths from the U.S. and local populations.

		Exposure assessment: Presumed exposure to formaldehyde known to be used in the plant.  



Duration and timing: Exposures during 1946-1967. Duration and timing since first exposure were not evaluated.



Variation in exposure:

By department: Plant services and Research & Development.



By pay status: salaried and hourly.



Co-exposures: Not evaluated but co-exposures included asbestos, and polyvinyl chloride, carbon black, epichlorohydrin, acrylonitrile, and styrene.

		External comparisons:

All salaried workers

SMR=2.62 (0.85-6.11)     [5]



Research & Development: Hourly workers

SMR=2.73 (0.55-7.97)     [3]







		Reference: Pottern et al. (1992)



Population: Danish women registered in both the national cancer registry and pension fund.  All women with a specific occupational history other than ‘Homemaker’ were included.



Outcome definition: Incident cases of multiple myeloma reported to the Danish cancer registry during 1970-1984.  



Design: Population-based case-control study of 363 women with 1,517 age and gender matched controls alive at time of case diagnosis.



Analysis: ORs calculated for occupation, industry, and likelihood of exposure using logistic regression controlling for age.

		Exposure assessment: Individual-level exposure estimated by industrial hygienists based on occupation listed on most recent annual income tax documents and the industry associated with that occupation.



Duration and timing: Exposure period preceding cancer incidence (<1984). Duration and timing since first exposure were not evaluated.



Variation in exposure:

Likelihood of exposure:

     Level 1 (unexposed)

     Level 2 (possible) 

     Level 3 (probable)



Co-exposures: Many other compounds were identified and evaluated as independent risk factors.

		Internal comparisons:

Likelihood of exposure

     Level 1         RR=1.0 (Ref. value)    [303]

     Level 2         RR=1.0 (0.8-1.3)           [56]

     Level 3         RR=1.1 (0.7-1.6)             [4]





		Reference: Heineman et al. (1992)



Population: Danish men registered in both the national cancer registry and pension fund.  All men with a specific occupational history were included.





Outcome definition: Incident cases of multiple myeloma reported to the Danish cancer registry during 1970-1984.  92% of cases were histologically confirmed.



Design: Population-based case-control study of 1,098 men with 4,169 age and gender matched controls alive at time of case diagnosis.



Analysis: ORs calculated for occupation, industry, and likelihood of exposure using logistic regression controlling for age.

		Exposure assessment: Individual-level exposure estimated by industrial hygienists based on occupation listed on most recent tax documents.



Duration and timing: Exposure period preceding cancer incidence (<1984). Duration and timing since first exposure were not evaluated.



Variation in exposure:

Likelihood of exposure:

     Level 1 (unexposed)

     Level 2 (possible) 

     Level 3 (probable)



Co-exposures: Other compounds were identified and evaluated as independent risk factors including: gasoline, oil products, engine exhausts, benzene, dyes, phthalates, vinyl chloride, asbestos, and pesticides.

		Internal comparisons:

Likelihood of exposure

     Level 1         RR=1.0 (Ref. value) [913]

     Level 2         RR=1.0 (0.8-1.3)      [144]

     Level 3         RR=1.1 (0.7-1.6)        [41]





		Reference: Hayes et al. (1990)  



Population: 4,046 deceased U.S. male embalmers and funeral directors, derived from licensing boards and funeral director associations in 32 states and the District of Columbia who died during 1975-1985. Death certificates obtained for 79% of potential study subjects (n=6,651) with vital status unknown for 21%.



Outcome definition:  Death certificates and licensing boards used to determine cause of death from multiple myeloma (ICD-8: 203).



Design: Proportionate mortality cohort study with external comparison group.



Analysis: PMRs calculated using sex, race, age and calendar-year-expected numbers of deaths from the U.S. population.

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.  Exposure based on occupation which was confirmed on death certificate.  Authors subsequently measured personal embalming exposures ranging from 0.98 ppm (high ventilation) to 3.99 ppm (low ventilation) with peaks up to 20 ppm.



Authors state that major exposures are to formaldehyde and possibly gluteraldehyde and phenol.



Duration and timing: Occupational exposure preceding death during 1975-1985.  Of 115 deaths from LHP, 66 (57%) were aged 60-74 years. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated. 

		External comparisons:

PMR=1.37 (0.84-2.12)       [20]



Additional:

White

PMR=0.97(0.50-1.69)        [12]



Non-white

PMR=3.69 (1.59-7.26)         [8]



		Reference: Boffetta et al. (1989)



Population: 508,637 U.S. men and 676,613 women enrolled in the American Cancer Society’s Cancer Prevention Study II during 1982 with sufficient data on occupation.  Cohort mortality followed until August 1986 with 98.5% complete follow-up. 



Outcome definition: Death certificates used to determine cause of deaths from incident cases of multiple myeloma (ICD-9: 203) since follow-up began.



Design: Population-based matched nested case-control within prospective cohort study.



Analysis: RR calculated using Poisson regression controlling for sex, age, smoking, education, diabetes, X-ray treatment, farming, pesticide, and herbicide exposure.

		Exposure assessment: Individual-level exposure ascertained from questionnaire on occupation with specific exposure to formaldehyde based on checkbox.



Duration and timing: Occupational exposures prior to 1982.  Timing of formaldehyde exposure not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Various co-exposures were controlled for in the analyses.

		Internal comparisons:

OR=1.8 (0.6-5.7)                [4]









		Reference: Ott et al. (1989)



Population: 29,139 men employed at two large chemical manufacturing facilities and a research and development center who worked during 1940-1978. Vital status was known for 96.4%.  Death certificates were available for 5,785 known descendants (95.4%).



Outcome definition:  Death certificates used to determine underlying cause of death from multiple myeloma based on the ICD code in used at the time of death.



Design: Nested case-control study within a prospective cohort mortality study.  20 cases of multiple myeloma were frequency matched to 100 controls on time from hire to death.



Analysis: Odds ratios calculated using unconditional logistic regression. 



Related studies:

Rinsky et al. (1988)

		Exposure assessment: Individual-level exposure ascertained from employee’s work assignments linked to records on departmental usage of formaldehyde.



Duration and timing: Occupational exposures during 1940-1978.  Timing of formaldehyde exposure not evaluated.



Variation in exposure: Ever/never



Co-exposures: Not evaluated.







		Internal comparisons:

OR=1.0 (0.05-4.9)                [1]



†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)



		Reference: Stayner et al. (1988)



Population: 11,030 workers in 3 U.S. garment plants exposed for at least 3 months. Women comprised 82% of the cohort. Vital status was followed through 1982 with over 96% completion and only 4% lost to follow-up.



Outcome definition: Death certificates used to determine all contributing multiple causes of death (MCOD) multiple myeloma (ICD-code in use at time of death).



Design: Prospective cohort mortality study with external comparison group.



Analysis: SMRs calculated using sex, age, race, and calendar-year-specific U.S. mortality rates using life-table analysis.



Related studies:

Stayner et al. (1985)

Pinkerton et al. (2004)



		Exposure assessment: Individual-level exposure estimates for 549 randomly selected workers during 1981 and 1984.  Geometric 8-hr time-weighted average exposures ranged from 0.09-0.20 ppm.  Overall geometric mean concentration of formaldehyde was 0.15 ppm, (GSD 1.90 ppm).  Area measures showed constant levels without peaks.  Historically earlier exposures may have been substantially higher.



Duration and timing: Exposure period from 1955-1982. Median duration of exposure was 3.3 years.  More than 40% exposures <1963.  Median time since first exposure was 31.7 years.  Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated



Co-exposures: Study population specifically selected because industrial hygiene surveys at the plants did not identify any chemical exposures other than formaldehyde that were likely to influence findings.

		External comparisons:

Observed: 4 deaths from multiple myeloma

Expected: Stayner et al. (1988) reported 2.9 expected deaths from “Other lymphopoietic neoplasms” and cited that 57% of the deaths from this category are multiple myelomas (NCHS, 1981].  EPA derived the expected number of deaths from myeloma as (0.57)*2.9 deaths = 1.65 deaths.



External comparisons:

SMR=2.42 (0.77-5.85)†                            [4]



†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)



		Reference: Robinson et al. (1987)



Population: 2,283 plywood mill workers employed at least one year during 1945-1955 followed for mortality until 1977 with vital status for 98% and death certificates for 97% of deceased.



Outcome definition: Death certificates used to determine underlying cause of death from multiple myeloma as coded by trained nosologist using ICD coding rubric in operation at time of death.



Design: Prospective cohort mortality study with external comparison group.



Analysis: SMRs calculated using sex, age, race, and calendar-year-specific U.S. mortality rates.

		Exposure assessment: Presumed exposure to formaldehyde-based glues used to manufacture and patch plywood.



Duration and timing: Exposures during 1945-1955. Duration and timing since first exposure were not evaluated.



Variation in exposure: 

Duration of exposure

Latency (time since first exposure)



Co-exposures: Pentachlorophenol

		External comparisons:

SMR=3.33(0.91-8.62)       [3]







		Reference: Edling et al. (1987)



Population: 521 Swedish male blue collar workers in an abrasive production plant with at least 5 years of employment between 1955 and 1983.  Cohort mortality followed through 1983 with 97% known vital status.



Outcome definition:  Cancer mortality ascertained using underlying cause of death from the National Death Registry.  Cancer incidence ascertained from the National Cancer Registry.  Mortality and incidence of multiple myeloma based on ICD-8:203.



Design: Cohort mortality and incidence study of



Analysis: SMRs calculated using sex, age, and calendar-year-specific Swedish mortality rates.

		Exposure assessment: Manufacture of grinding wheels bound by formaldehyde resins exposed workers to 0.1−1 mg/m3 formaldehyde.  59 workers manufacturing abrasive belts had low exposure to abrasives with intermittent exposures with peaks up to 20-30 mg/m3 formaldehyde.



Duration and timing: Exposures during 1955-1983. Duration and timing since first exposure were evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated.

		External comparisons:

Cancer Mortality

No increase reported



Cancer Incidence

SMR=4.0 (0.67-13.2)†     [2]



†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)








1.2.2.1.4 Hodgkin Lymphoma

Hodgkin lymphoma is a specific type of lymphohematopoietic cancer originating from white blood cells.  Historically, the diagnosis of Hodgkin lymphoma (previously called Hodgkin’s disease) used in epidemiologic studies has been ascertained from death certificates according to the version of the International Classification of Diseases (ICD) in effect at the time of study subjects’ deaths [i.e., ICD-8 and ICD-9: Code 201 (WHO, 1967; 1977)].



Epidemiologic evidence

Evidence describing the association between formaldehyde exposure and the specific risk of Hodgkin lymphoma was available from 13 epidemiologic studies − one case-control study (Gerin et al., 1989) and 12 cohort studies (Beane Freeman et al., 2009; Pinkerton et al., 2004; Coggon et al., 2003; Andjelkovich et al., 1995; Hansen and Olsen, 1995; Hall et al., 1991; Hayes et al., 1990; Matanoski, 1989; Robinson et al., 1987; Stroup et al., 1986; Walrath and Fraumeni, 1984; 1983b).  Study details are provided in the evidence table for Hodgkin lymphoma (Table HL).  



Causal Evaluation and Conclusion

The evidence of an association was evaluated using a weight-of-evidence approach as outlined in the U.S. EPA’s Guidelines for Carcinogen Risk Assessment (2005a).  The causal evaluation for formaldehyde exposure and the risk of developing and dying from Hodgkin lymphoma placed the greatest weight on two particular considerations: 1) the strong evidence of an exposure-response relationship observed in the single largest cohort study; and 2) the inconsistent pattern of risks across studies – many of which had fewer that 5 exposed cases.



The weight of the epidemiologic evidence is suggestive of an association between formaldehyde exposure and increased risk of developing and dying from Hodgkin lymphoma.


Consistency of the observed association

The results of the 13 studies were not consistent.  The study of the largest cohort of formaldehyde-exposed workers (Beane Freeman et al., 2009) reported an elevated risk of dying from Hodgkin lymphoma for the cohort as a whole (SMR=1.42; 95% CI: 0.96-2.1) and a pronounced increase is risk among those workers with the highest peak formaldehyde exposures (RR=3.96; 95% CI: 1.31-12.02).  However, the results of the other 12 studies were more consistent with the absence of an effect of formaldehyde exposure on the risk of developing and dying from Hodgkin lymphoma.

Compared with other lymphohematopoietic cancers, the survival rate for Hodgkin lymphoma is relatively high and mortality is rare.  This rarity results in very low statistical power to effects and may have contributed to the apparently discordant results.  Aside from the Beane Freeman et al. (2009) study which reported 25 deaths from Hodgkin lymphoma, only one other cohort study observed more than five deaths from Hodgkin lymphoma (Coggon et al., 2003) which reported 6 observed deaths against 8.5 expected deaths.  The case-control studies (Gerin et al., 1989; Hansen and Olsen, 1995) observed only 20 cases of Hodgkin lymphoma between them and neither reported an elevated risk associated with working in formaldehyde-exposed jobs.

The study results presented in Table HL (by publication date) detail all of the reported associations between exposures to formaldehyde and the risks of developing and dying from lymphatic leukemia.  Results are plotted in Figure HL.



Strength of the observed association

The strength (i.e., magnitude) of an association can depend on the precision of exposure assessment, the timing of follow-up in relation to the relevant exposures, baseline risk factors, and the relative contrast in exposures that are being compared (i.e., a higher relative risk may be expected when comparing across a wider range of exposures than comparisons across a more limited range).  Summary effect estimates for the association between formaldehyde exposure were highly variable and the risk of developing or dying from lymphatic leukemia were predominantly less than one (unity) and ranged from zero to 3.33.

While the summary effect estimate from the study by Beane Freeman et al. (2009) was RR=1.42 (95% CI: 0.96, 2.10), the strength of the association was substantially stronger among those workers exposed to the highest peak levels (RR=3.96).  Beane Freeman et al. (2009) further showed plots presenting the RR from the internal analyses for each endpoint and for each year of follow-up.  The association of Hodgkin lymphoma with formaldehyde exposure is not only seen for the complete 2004 follow-up when the average length of follow-up was 42 years, but throughout the cohort experience (see Beane Freeman et al., 2009; Figure 1).  These plots show that during the 1970’s and 1980’s, the RR≈8 and remained elevated at about RR = 4 through the end of follow-up in 2004.



Specificity of the observed association

Specificity refers to an increased inference of causality if a single cause is associated with a single effect or disease (Hill, 1965).  An example of specificity is seen with respect to a specific infectious disease caused by a specific virus.  Based on an understanding that many agents cause cancer at multiple sites (e.g., tobacco), specificity is generally not considered to be a necessary condition for making causal inferences regarding cancer.

Nonetheless, the specificity of the diagnoses of cancer is important – especially for lymphohematopoietic cancers, which are heterogeneous in nature and arise from different cell lines.  Only the specific diagnosis of Hodgkin lymphoma was considered here.  The most specific level of Hodgkin lymphoma diagnosis that is commonly reported across the epidemiologic literature has been based on the first three digits of the Eighth or Ninth Revision of the ICD code (i.e., Hodgkin’s disease ICD-8/9: 201).



Temporal relationship of the observed association

	Two related aspects of time are encompassed in temporality.  One aspect is the necessity for the exposure to precede the onset of the disease.  In each of the six epidemiologic studies, the work-related formaldhyde exposures among the study participants occurred before their deaths.  The second aspect involves the time course (i.e., latency) of disease and death from Hodgkin lymphoma following exposure to formaldehyde, which may be expected to take more than a decade.  Only one study (Beane Freeman et al., 2009) reported on analyses of this temporal relationship showing that risks were highest 15-25 years since first formaldehyde exposure.  Such a pattern is consistent with the expected time-course of disease and mortality following exposure to formaldehyde; however, this finding is without corroboration for Hodgkin Lymphoma.



Exposure-response relationship

An exposure-response relationship showing increasing effects associated with greater exposure strongly suggests cause and effect, especially when such relationships are also observed for duration of exposure (USEPA, 2005a: p. 2-14).  None of the studies evaluated the effect of duration of formaldehyde exposure on the mortality risk of lymphatic leukemia.  There were only two studies that evaluated any form of exposure-response for increasing measures of formaldhyde exposure (Coggon et al., 2003; Beane Freeman et al., 2009).  Coggon et al. (2003) reported a lower risk of dying from Hodgkin lymphoma among ‘highly’ exposed workers based on a single death.

Beane Freeman et al. (2009) reported a clear exposure-response relationship between increasing levels of peak formaldehyde and increased risk of dying from Hodgkin lymphoma among exposed workers (p=0.01).  Compared to exposed workers in the lowest exposure category of peak exposure, those in the middle category were at more than 3-fold higher risk (RR=3.30; 95% CI: 1.04, 10.50) while those workers in the highest category were at 4-fold higher risk (RR=3.96; 95% CI: 1.31, 12.02).  Beane Freeman et al. (2009) also reported an exposure-response relationship between increasing levels of average formaldehyde intensity and increased risk of dying from Hodgkin lymphoma among exposed workers (p=0.05).   



Biologic plausibility

Formaldehyde is present endogenously as a normal constituent of living human and animal cells.  It has been reported that blood concentrations of formaldehyde in humans and animals are unaltered following inhalation of exogenous formaldehyde (Heck et al ., 1985).  However, immune cells may be present at the site of first contact and may become damaged as a result of inhalation exposures.  Therefore, EPA considers it plausible that there is an association of formaldehyde exposure with the development of myeloid leukemia.



Potential impact of selection bias, information bias, confounding bias, and chance

Selection bias may alter epidemiologic findings when participation or follow-up rates are related to the probability of exposure or the outcome.  However, this is an unlikely bias in the epidemiologic studies of multiple myeloma as the case-control study evaluated exposure status without regard to outcome status and had a participation level of 83% and each of the cohort studies included at least 72% of eligible participants and lost fewer than 9% of participants over the course of mortality follow-up.

Effect estimates that are based on a comparison of exposed workers to a general population (e.g., standardized mortality ratios) may be affected by two different kinds of selection biases called the healthy-worker effect and the healthy-worker survivor effect.  These biases may result in an underestimate of risk due to exposures in occupational populations by comparing their health to that of a less healthy general population.  While these biases are more common for cardiovascular or respiratory effects, a significant healthy-worker effect has been observed for a number of cancers as demonstrated by a large cancer incidence study of workers exposed to radiation (Sont et al., 2001).  This type of selection bias could obscure a truly larger effect of formaldhyde exposure in analyses based on “external” comparisons with mortality in the general population (Walrath and Fraumeni 1983b; 1984; Stroup et al. 1986; Matanoski 1989; Hayes et al., 1990; Hall et al., 1991; Robinson et al., 1987; Andjelkovich et al., 1995; Hansen and Olsen, 1995; Coggon et al., 2003; Pinkerton et al., 2004; Beane Freeman et al., 2009), but would not influence analyses using “internal” or matched comparison groups (Gerin et al., 1989; Beane Freeman et al., 2009).

Information bias may distort findings when subjects’ true personal exposures are inaccurately assigned.  A differential misclassification, in which exposure status influences disease classification (or disease status influences exposure classification) can lead to spurious (i.e., “false positive”) associations.  This scenario is considered unlikely among these studies of multiple myeloma mortality because the likelihood of differential misclassification based on these study designs is low.  The assignment of exposure status or calculation of exposure measures in the cohort studies was done independent of knowledge of the cause of death.  Likewise, in the case-control studies, the assessment of exposures was independent of case status

Another aspect of information bias stems from random measurement error or non-differential misclassification.  This type of error typically has the effect of causing bias towards the null, thereby obscuring real effects by underestimating their magnitude.  Given the difficulty in accurately estimating personal exposure over time, the likelihood of random measurement error is almost certain.  The implication of such information bias is that the consistently reported increases in risks of formaldehyde-related mortality may be underestimates and the true risk could be larger that was demonstrated in the epidemiologic studies.

Chemical exposures that have not been independently associated with Hodgkin lymphoma are not expected to confound results.  Confounding is a potential bias which could arise if another cause of Hodgkin lymphoma was also associated with formaldehyde exposure.  The main support for a suggestive association of formaldehyde exposure with increased risk of Hodgkin lymphoma is from the results for peak exposures reported by Beane Freeman et al. (2009) who specifically examined the potential for confounding from 11 substances including benzene and found that controlling for these exposures did not meaningfully change the results.  This provides evidence against potential confounding by these co-exposures.  There does not appear to be any evidence of confounding that would provide an alternative explanation for the observed association of formaldehyde exposure with increased risk of Hodgkin lymphoma reported by Beane Freeman et al. (2009).  

The reported results for the risk of Hodgkin lymphoma associated with exposure to formaldehyde were inconsistent.  There were 12 small studies, each with 12 or fewer exposed cases and only 44 exposed cases among them, showing a consistent pattern of risks across studies indicating a lack of an association.  However, the single largest study in terms of study population and number of formaldehyde exposed cases (n=25) showed increased risks of Hodgkin lymphoma mortality as a cohort compared to the general population (SMR=1.42; 95% CI: 0.96, 2.10) and statistically significant increased risks with increasing levels of peak exposure (p-trend among exposed workers =0.01).  The evidence of an association with peak exposures reported by Beane Freeman et al. (2009) suggests an association whose risk increases with greater exposure.  However, there was only one statistically robust observation of an exposure-response relationship showing increased risks with peak exposures and this finding is tempered by the lack of corroborative epidemiologic evidence.  



Conclusion

The weight of the epidemiologic evidence is suggestive of an association between formaldehyde exposure and increased risk of developing and dying from Hodgkin lymphoma.





Figure HL.  Epidemiologic studies reporting multiple Hodgkin lymphoma estimates.  SMR: standardized mortality ratio.  PMR: proportionate mortality ratio.  RR: relative risk.  OR: odds ratio.  For each measure of association, the number of exposed cases is provided in brackets (i.e., [n=7]).  For studies reporting results on multiple metrics of exposure, each metric is included; however, only the highest category of each exposure metric is presented in the figure.  


		Table HL: Epidemiologic studies of formaldehyde exposure and risk of Hodgkin lymphoma



		Study

		Exposures

		Results: Effect estimate (95% CI) [# of cases]



		Reference: Beane Freeman et al. (2009) with supplemental online tables.



Population: 25,619 workers employed at 10 formaldehyde using or formaldehyde producing plants in the U.S. followed from either the plant start-up or first employment through 2004. Deaths were identified from the National Death Index with remainder assumed to be living. Vital status was 97.4% complete and only 2.6% lost to follow-up.



Outcome definition: Death certificates used to determine underlying cause of death from Hodgkin disease (ICD-8: 201).



Design: Prospective cohort mortality study with external and internal comparison groups.



Analysis: RRs estimated using Poisson regression stratified by calendar year, age, sex, and race; adjusted for pay category compared to workers in lowest exposed category.  Lagged exposures were evaluated to account for cancer latency.



SMRs calculated using sex, age, race, and calendar-year-specific U.S. mortality rates.

	

Related studies:

Blair et al. (1986)

Hauptmann et al. (2003)





		Exposure assessment: Individual-level exposure estimates based on job titles, tasks, visits to plants by study industrial hygienists, and monitoring data from 1966 through 1980.



Median Time Weighted Average (over 8 hours) =0.3ppm (range 0.01-4.3).



Median cumulative exposure=0.6 ppm-years (range 0-107.4).



Multiple exposure metrics including peak, average, and cumulative exposures were evaluated using categorical and continuous data.



Duration and timing: Exposure period from <1946-1980. Median length of follow-up: 42 years. Duration and timing since first exposure were evaluated.



Variation in exposure:

For all variations in exposure:

     Level 1 (unexposed)



Peak exposure:

     Level 2 (>0 to <2.0 ppm)

     Level 3 (2.0 to <4.0 ppm)

     Level 4 (≥ 4.0 ppm)

Average intensity:

     Level 2 (>0 to <0.5ppm)

     Level 3 (0.5 to <1.0 ppm)

     Level 4 (≥ 1.0 ppm)

Cumulative exposure:

     Level 2 (>0 to <1.5 ppm-yrs)

     Level 3 (1.5 to <5.5 ppm-yrs)

     Level 4 (≥5.5 ppm-yrs)



Co-exposures: Exposures to 11 other compounds were identified and evaluated as potential confounders.

		Internal comparisons:

Peak exposure

1994 Follow-up:

     Highest peak RR=3.30 (0.98-11.10)

                  (p-trend=0.04) 

2004 Follow-up:

Peak exposure

     Level 1         RR=0.67 (0.12-3.6)        [2]

     Level 2         RR=1.00 (Ref. value)     [6]

     Level 3         RR=3.30 (1.04-10.50)    [8]

     Level 4         RR=3.96 (1.31-12.02)  [11]

     p-trend (exposed) = 0.01;

     p-trend (all) = 0.004



Average intensity

     Level 1         RR=0.53 (0.11-2.66)    [2]

     Level 2         RR=1.00 (Ref. value)  [10]

     Level 3         RR=2.48 (0.84-7.32)    [9]

     Level 4         RR=1.61 (0.73-3.39)    [6]

     p-trend (exposed) = 0.05;

     p-trend (all) = 0.03



Cumulative exposure

     Level 1         RR=0.42 (0.09-2.05)    [2]

     Level 2         RR=1.00 (Ref. value)  [14]

     Level 3         RR=1.71 (0.66-4.38)    [7]

     Level 4         RR=1.30 (0.40-4.19)    [4]

     p-trend (exposed) = 0.08;

     p-trend (all) = 0.06



Duration of exposure

No evidence of association (data not shown).



Time since first exposure

     >0-15 yrs     RR=1.00 (Ref. value)

     >15-25 yrs   RR=1.54 (0.42-5.62)

     >25-35 yrs   RR<1.54

     >35 yrs        RR<1.54



External comparisons:

SMRUnexposed    = 0.70 (0.17-2.80)          [2]

SMRExposed       = 1.42 (0.96-2.10)        [25]



		Reference: Pinkerton et al. (2004)



Population: 11,039 workers in 3 U.S. garment plants exposed for at least 3 months. Women comprised 81.7% of the cohort. Vital status was followed through 1998 with 98.3% completion and only 1.7% lost to follow-up.



Outcome definition: Death certificates used to determine both the underlying cause of death (UCOD) as well as all contributing multiple causes of death (MCOD) from Hodgkin’s disease (ICD: 201).



Design: Prospective cohort mortality study with external comparison group.



Analysis: SMRs calculated using sex, age, race, and calendar-year-specific U.S. mortality rates.  Results presented here are UCOD unless otherwise noted.



Related studies:

Stayner et al. (1985)

Stayner et al. (1988)

		Exposure assessment: Individual-level exposure estimates for 549 randomly selected workers during 1981 and 1984.  Geometric 8-hr time-weighted average exposures ranged from 0.09-0.20 ppm.  Overall geometric mean concentration of formaldehyde was 0.15 ppm, (GSD 1.90 ppm).  Area measures showed constant levels without peaks.  Historically earlier exposures may have been substantially higher.



Duration and timing: Exposure period from 1955-1983. Median duration of exposure was 3.3 years.  More than 40% exposures <1963.  Median time since first exposure was 31.7 years.  Duration and timing since first exposure were evaluated.



Variation in exposure: Not evaluated



Co-exposures: Study population specifically selected because industrial hygiene surveys at the plants did not identify any chemical exposures other than formaldehyde that were likely to influence findings.

		External comparisons:

SMR=0.55 (0.07-1.98)                              [2]







		Reference: Coggon et al. (2003)



Population: 14,014 British men employed in 6 chemical industry factories which produced formaldehyde.  Cohort mortality followed from 1941 through 2000.  Vital status was 98.9% complete and only 1.1% lost to follow-up.



Outcome definition: Death certificates used to determine cause of deaths from Hodgkin’s disease (ICD-9: 201).



Design: Cohort mortality study with external comparison group.



Analysis: SMRs based on English and Welsh age- and calendar-year-specific mortality rates.



Related studies:

Acheson et al. (1984)

Gardner et al. (1993)

		Exposure assessment: Exposure assessment based on data abstracted from company records.  Jobs categorized as background, low, moderate, high, or unknown levels.



Duration and timing: Occupational exposure during 1941-1982. Duration and timing since first exposure were not evaluated.



Variation in exposure:

Time Weighted Average exposure

     Level 1 (low)

     Level 2 (moderate) 

     Level 3 (high)



Co-exposures: Not evaluated. Potential low-level exposure to styrene, ethylene oxide, epichlorhydrin, solvents, asbestos, chromium salts, and cadmium.

		External comparisons:

SMR=0.70 (0.26-1.53)                           [6]



Within-study external comparisons:

Worked in ‘High’ exposure jobs

SMR=0.36 (0.01-2.01)                           [1]







		Reference: Andjelkovich et al. (1995)



Cohort mortality study of 3,929 automotive industry iron foundry workers exposed from 1960−1987 and followed through 1989.  SMRs calculated using sex-, age-, race-, and calendar-year-specific U.S. mortality rates.

		Exposure assessment based on review of work histories by an industrial hygienist.

		External comparisons:

SMRUnexposed    = 0.70 (0.01-3.88)          [1]

SMRExposed       = 0.72 (0.01-4.00)          [1]



		Reference: Hansen and Olsen (1995)



Population: 2,041 men with cancer who were diagnosed during 1970-1984 and whose longest work experience occurred at least 10 years before cancer diagnosis. Identified from the Danish Cancer Registry and matched with the Danish Supplementary Pension Fund.  Ascertainment considered complete.  Pension record available for 72% of cancer cases.



Outcome definition: Hodgkin’s disease (ICD-7: 201) listed on Danish Cancer Registry file. 



Design: Proportionate incidence study with external comparison group.



Analysis: Standardized proportionate incidence ratio calculated as the proportion of cases for a given cancer in formaldehyde-associated companies relative to the proportion of cases for the same cancer among all employees in Denmark. Adjusted for age and calendar time.

		Exposure assessment: Individual occupational histories including industry and job title established through company tax records to the national Danish Product Register.



Subject were considered to be exposed to formaldehyde if: 1) they had worked in an industry known to use more than 1 kg formaldehyde per employee per year; and 2) subjects longest single work experience (job) in that industry since 1964 was ≥10 years prior to cancer diagnosis



All subjects were stratified based on job title as either low exposure (white-collar worker), above background exposure (blue-collar worker), or unknown (job title unavailable).



Duration and timing: Exposure period not stated.  Based on date of diagnosis during 1970-1984, and the requirement of exposure more than 10 years prior to diagnosis, the approximate period was 1960-1974.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated.

		External comparisons:

Overall (exposure to formaldehyde ≥10 years prior to cancer diagnosis)

   SPIR=1.0 (0.5-1.7)                                   [12]





		Reference: Hall et al. (1991)



Cohort mortality study of 4,512 pathologists from the Royal College of Pathologists and the Pathological Society of Great Britain from 1974−1987.  Vital status obtained from the census, a national health registry, and other sources.  SMRs developed from the English and Welsh populations.



Related studies:

Harrington and Shannon (1975)

Harrington and Oaks (1984)

		Presumed exposure to formaldehyde tissue fixative.

		External comparisons:

SMR= 1.21 (0.03-6.71)                            [1]





		Reference: Matanoski (1989)



Population: 3,644 deceased U.S. male pathologists, derived from membership rolls of the American Association of Pathologists and Bacteriologists (1900-), the American Society for Experimental Pathology (1913-), and the American Medical Association (1912−1950). Mortality was followed through 1978. Death certificates obtained for 94% of potential study subjects (n=3,425), 3% from obituary notices (n=101) and 3% presumed dead (n=118).



Outcome definition: Death certificates and obituary notices used to determine cause of death from Hodgkin’s disease (ICD-8: 201).



Design: Prospective mortality cohort study with two external comparison groups.  The first comparison group was the U.S. male population. The second comparison group was comprised of members of a professional society of psychiatrists.



Analysis: SMRs calculated using sex, race, age, and calendar-year-expected deaths from the U.S. population and psychiatrists.

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.  



Duration and timing: Occupational exposure preceding death during 1900-1978. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated.

		External comparisons:

Compared to the U.S. male population

SMR=0.36 (0.04-1.31)                         [2]



Compared to the psychiatrists

SMR=0.34 (0.06-1.12)†                      [2]



†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)



		Reference: Hayes et al. (1990)  



Population: 4,046 deceased U.S. male embalmers and funeral directors, derived from licensing boards and funeral director associations in 32 states and the District of Columbia who died during 1975-1985. Death certificates obtained for 79% of potential study subjects (n=6,651) with vital status unknown for 21%.



Outcome definition:  Death certificates and licensing boards used to determine cause of death from Hodgkin’s disease (ICD-8: 201).



Design: Proportionate mortality cohort study with external comparison group.



Analysis: PMRs calculated using sex, race, age, and calendar-year-expected deaths from the U.S. population.

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.  Exposure based on occupation which was confirmed on death certificate.  Authors subsequently measured personal embalming exposures ranging from 0.98 ppm (high ventilation) to 3.99 ppm (low ventilation) with peaks up to 20 ppm.



Authors state that major exposures are to formaldehyde and possibly gluteraldehyde and phenol.



[bookmark: OLE_LINK2]Duration and timing: Occupational exposure preceding death during 1975-1985.  Of 115 deaths from lymphohematopoietic cancer, 66 (57%) were aged 60-74 years. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated. 

		External comparisons:

PMR=0.72 (0.15-2.10)                            [3]



		Reference: Gerin et al. (1989)



Population: Male residents of Montreal, Canada aged 35-70 years. 4,510 eligible incident cancer cases were identified during 1979-1985 from 19 major area hospitals which report to the Quebec Tumor Registry over 97% of all cancer diagnoses from the Montreal area.  Interviews and questionnaires completed for 3,726 subjects (83% of eligible cases). 18% of interviews were completed by next-of-kin.



Outcome definition: Histologically confirmed diagnosis of Hodgkin’s lymphoma (ICD: 201)



Design: Population-based case-control study of 53 formaldehyde exposed men with Hodgkin’s lymphoma. Cases were compared with two groups; first, against other cancer cases excluding those diagnosed with lung cancer (n=2,599), and second against 533 male population controls selected from electoral list in the Montreal area.



Analysis: ORs calculated by levels of a composite exposure index using logistic regression controlling for age, ethnic group, socio-economic status, smoking, and dirtiness of jobs held (white vs. blue collar).



Related studies:

Siemiatycki et al. (1987)

		Exposure assessment: Individual-level exposure estimates developed based on a complete and detailed occupational history ascertained by interviewers using a standardized questionnaire.  A team of chemists and hygienists translated each job into a list of potential formaldehyde exposures based on their confidence level, the frequency of exposure, and the duration of exposure. 



Duration and timing: Exposure period based on occupational histories prior to cancer diagnosis. Duration of exposure was evaluated.



Variation in exposure:  For cancer sites with fewer than 30 cases exposed to formaldehyde, results for the exposure subgroups were not shown.



Co-exposures: Additional occupational and non-occupational potential confounders were included when the estimated exposure-disease OR changed by more than 10%.

		External comparisons:

Compared to other cancers

OR=0.5 (0.2-1.2)                                   [8]



Compared to population controls

OR=0.5 (0.2-1.4)                                   [8]









		Reference: Robinson et al. (1987)



Population: 2,283 plywood mill workers employed at least one year during 1945-1955 followed for mortality until 1977 with vital status for 98% and death certificates for 97% of deceased.



Outcome definition: Death certificates used to determine underlying cause of death from Hodgkin’s disease as coded by trained nosologist using ICD-7:201.





Design: Prospective cohort mortality study with external comparison group.  A subcohort of 818 men co-exposed to formaldehyde and pentachlorophenol were also evaluated.



Analysis: SMRs calculated using sex, age, race, and calendar-year-specific U.S. mortality rates.

		Exposure assessment: Presumed exposure to formaldehyde-based glues used to manufacture and patch plywood.  Sub-cohort of 818 men co-exposed to formaldehyde and pentachlorophenol worked for one year or more in the relevant exposure categories of veneer pressing and drying, glue mixing, veneer and panel gluing and patching.



Duration and timing: Exposures during 1945-1955. Duration and timing since first exposure were not evaluated.



Variation in exposure: 

Duration of exposure

Latency (time since first exposure)



Co-exposur1es: Pentachlorophenol

		External comparisons:



Whole cohort of mill workers (n=2,283)

SMR=1.11(0.20-3.50)                       [2]



Sub-cohort of highly exposed workers (n=818)

SMR=3.33(0.59-10.49)                     [2]







		Reference: Stroup et al. (1986)



Population: 2,239 white male members of the American Association of Anatomists from 1888−1969 who died during 1925−1979. Death certificates obtained for 91% with 9% lost to follow-up.



Outcome definition: Hodgkin’s disease (ICD-8: 201) listed as cause of death on death certificates.



Design: Cohort mortality study with external comparison group.



Analysis: SMRs calculated using sex, race, age, and calendar-year-expected number of deaths from the U.S. population. 

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.



Duration and timing: Occupational exposure preceding death during 1925-1979.  Median birth year was 1912.  By 1979, 33% of anatomists had died. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated. 

		External comparisons:

SMR= 0 (0-2.0)                                [0]







		Reference: Walrath and Fraumeni (1984)



Population: 1,007 deceased white male embalmers from the California Bureau of Funeral Directing and Embalming who died during 1925-1980.  Death certificates obtained for all. 



Outcome definition:  Hodgkin’s disease (ICD-8: 201) listed as cause of death on death certificates.



Design: Proportionate mortality cohort study with external comparison group.



Analysis: PMRs calculated using sex, race, age and calendar-year-expected number of deaths from the U.S. population. 

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.



Duration and timing: Occupational exposure preceding death during 1916-1978.  Birth year ranged from 1847-1959.  Median age of death was 62 years.  Most deaths were among embalmers with active licenses. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated.  

		External comparisons:

Observed: 0 Hodgkin’s disease deaths

Expected: 2.5 Hodgkin’s disease deaths



PMR= 0 (0-1.20)†                                  [0]



†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)



		Reference: Walrath and Fraumeni (1983b)



Population: 1,132 deceased white male embalmers licensed to practice during 1902-1980 in New York who died during 1925-1980 identified from registration files.  Death certificates obtained for 75% of potential study subjects (n=1,678).



Outcome definition: Hodgkin’s disease (ICD-8: 201) listed as cause of death on death certificates.



Design: Proportionate mortality cohort study with external comparison group.



Analysis: PMRs calculated using sex, race, age, and calendar-year-expected numbers of deaths from the U.S. population. 

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.



Duration and timing:

Occupational exposure preceding death during 1902-1980.  Median year of birth was 1901.  Median year of initial license was 1931.  Median age at death was 1968.  Expected median duration of exposure was 37 years. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated.  

		External comparisons:

Observed: 2 Hodgkin’s disease deaths

Expected: 2.3 Hodgkin’s disease deaths



PMR= 0.87 (0.15-2.87)†                        [7]





†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)






1.2.2.1.5 Non-Hodgkin Lymphoma

Non-Hodgkin lymphoma is a specific type of lymphohematopoietic cancer originating from white blood cells which includes all lymphoma not classified as Hodgkin.  Historically, the diagnosis of non-Hodgkin lymphoma used in epidemiologic studies has been ascertained from death certificates according to the version of the International Classification of Diseases (ICD) in effect at the time of study subjects’ deaths [i.e., ICD-8 and ICD-9: Codes 200 and 202 (WHO, 1967; 1977)].  However, early studies reported results for lymphosarcoma/reticulosarcoma alone (ICD-8/9: Code 200).



Epidemiologic evidence

Evidence describing the association between formaldehyde exposure and the specific risk of non-Hodgkin lymphoma was available from 16 epidemiologic studies − four case-control studies (Tranah et al., 2009; Wang et al., 2009; Blair et al., 1993; Gerin et al., 1989) and 12 cohort studies (Beane Freeman et al., 2009; Pinkerton et al., 2004; Coggon et al., 2003; Stellman et al. 1988; Hansen and Olsen, 1995; Dell and Teta 1995; Hayes et al., 1990; Matanoski, 1989; Robinson et al., 1987; Stroup et al., 1986; Walrath and Fraumeni, 1984; 1983b).  Study details are provided in the evidence table for non-Hodgkin lymphoma (Table HL).  



Causal Evaluation and Conclusion

The evidence of an association was evaluated using a weight-of-evidence approach as outlined in the U.S. EPA’s Guidelines for Carcinogen Risk Assessment (2005a).  The causal evaluation for formaldehyde exposure and the risk of developing and dying from non-Hodgkin lymphoma placed the greatest weight on three particular considerations: 1) a consistent pattern of risks across studies indicating a lack of an association for all non-Hodgkin lymphoma types; 2) the general absence of exposure-response relationships showing that increased exposure to formaldehyde was associated with increased risk of developing and dying from non-Hodgkin lymphoma; and 3) a single study (Wang et al., 2009) reported an exposure-response trend with increase probability of formaldehyde exposure for the sub-type of diffuse large B-cell lymphoma that was not replicated by a larger study with the same study design (Tranah et al., 2009).



The weight of the epidemiologic evidence suggests no causal relationship between formaldehyde exposure and increased risk of developing and dying from non-Hodgkin lymphoma.





Figure NHL.  Epidemiologic studies reporting non-Hodgkin lymphoma risk estimates.  LS/RS: Lymphosarcoma or Reticulosarcoma only (ICD:200 not including ICD:202).  DLCL: Diffuse Large Cell Lymphoma only.  SMR: standardized mortality ratio.  PMR: proportionate mortality ratio.  SPIR: Standardized Proportional Incidence Ration.  RR: relative risk.  OR: odds ratio.  For each measure of association, the number of exposed cases is provided in brackets (i.e., [n=5]).  For studies reporting results on multiple metrics of exposure, each metric is included; however, only the highest category of each exposure metric is presented in the figure.




		

Table NHL: Epidemiologic studies of formaldehyde exposure and risk of non-Hodgkin lymphoma



		Study

		Exposures

		Results: Effect estimate (95% CI) [# of cases]



		Reference: Tranah et al. (2009)



Population: Men and women ages 21-74 years, identified from hospitals in six San Francisco Bay area counties during 1988-1993.  Participation of eligible cases was 72% and approximately 69% for controls <65 years recruited by random digit dialing and 78% for eligible controls. HIV-positive persons were excluded.  



Outcome definition: Diagnosis of non-Hodgkin lymphoma reviewed by expert study pathologist.  



Design: Population-based case-control study of 1,262 cases with non-Hodgkin lymphoma. 2,094 controls were frequency-matched on gender, county of residence, and 5-yr age groups.



Analysis: ORs calculated for job titles, employment duration and exposure intensity using unconditional logistic regression controlling for age, sex, race/ethnicity, and education level.  



Formaldehyde analyses did not control for co-chemical exposures.

		Exposure assessment: Individual-level exposure estimates developed based on a job-exposure matrix for each occupation. 



Exposure intensity was estimated based on expected formaldehyde exposure level and frequency of exposure for a worker in that industry or occupation. Exposure probability is the likelihood that formaldehyde was used in assessed in a given industry or occupation.



Duration and timing: Exposure period based on occupational histories prior to cancer diagnosis. Duration of exposure was not evaluated.



Variation in exposure:

Average exposure intensity:

     Level 1 (unexposed)

     Level 2 (ever) 

     Level 3 (low) 

     Level 4 (medium-high)



Average exposure probability:

     Level 1 (unexposed)

     Level 2 (ever) 

     Level 3 (low) 

     Level 4 (medium-high)



Co-exposures: Co-exposures evaluated included sovents and benzene.



No associations were reported for solvents of benzene.

		Internal comparisons:

Average exposure intensity

     Level 1         OR=1.0 (Ref. value)      [505]

     Level 2         OR=1.0 (0.87-1.2)         [757]

     Level 3         OR=1.0 (0.88-1.2)         [485]

     Level 4         OR=1.0 (0.81-1.2)         [272]



Average exposure probability

     Level 1         OR=1.0 (Ref. value)      [505]

     Level 2         OR=1.0 (0.87-1.2)         [757]

     Level 3         OR=1.0 (0.89-1.2)         [552]

     Level 4         OR=0.93 (0.76-1.1)       [205]



Additional:

Diffuse large-cell lymphoma

Average exposure intensity

     Level 1         OR=1.0 (Ref. value)      [201]

     Level 2         OR=1.0 (0.87-1.2)         [296]

     Level 3         OR=1.1 (0.88-1.4)         [202]

     Level 4         OR=0.85 (0.65-1.1)         [94]



Average exposure probability

     Level 1         OR=1.0 (Ref. value)      [201]

     Level 2         OR=1.0 (0.87-1.2)         [296]

     Level 3         OR=1.1 (0.91-1.4)         [232]

     Level 4         OR=0.73 (0.54-1.0)         [64]



Follicular lymphoma

Average exposure intensity

     Level 1         OR=1.0 (Ref. value)      [134]

     Level 2         OR=1.1 (0.85-1.4)         [206]

     Level 3         OR=1.0 (0.78-1.3)         [123]

     Level 4         OR=1.2 (0.87-1.6)           [83]



Average exposure probability

     Level 1         OR=1.0 (Ref. value)      [134]

     Level 2         OR=1.1 (0.85-1.4)         [206]

     Level 3         OR=1.0 (0.80-1.4)         [139]

     Level 4         OR=1.2 (0.85-1.6)           [67]



Chronic or small lymphocytic leukemia

Average exposure intensity

     Level 1         OR=1.0 (Ref. value)        [58]

     Level 2         OR=1.0 (0.73-1.5)           [90]

     Level 3         OR=1.1 (0.73-1.6)           [59]

     Level 4         OR=0.99 (0.63-1.6)         [31]



Average exposure probability

     Level 1         OR=1.0 (Ref. value)        [58]

     Level 2         OR=1.0 (0.73-1.5)           [90]

     Level 3         OR=0.98 (0.67-1.4)         [61]

     Level 4         OR=1.2 (0.73-1.9)           [29]



		Reference: Wang et al. (2009)



Population: White women ages 21-84 years, identified from the Connecticut cancer registry during 1996-2000.  Participation of eligible cases was 72% and approximately 69% for controls <65 years recruited by random digit dialing and 47% for controls 65 years and older recruited through the Health Care Financing Administration.



Outcome definition: Histologically confirmed diagnosis of non-Hodgkin lymphoma.  



Design: Population-based case-control study of 601 white women with non-Hodgkin lymphoma. 717 controls were frequency-matched on gender and 5-yr age groups.



Analysis: ORs calculated for job titles, employment duration and exposure intensity using unconditional logistic regression controlling for age, family history, and race.  Polytomous logistic regression used for sub-type analyses.  



Adjustment for other potential confounders including education, family income, smoking, medical history of autoimmune diseases did not material change results and were not included in final analyses.



Formaldehyde analyses did not control for co-chemical exposures.

		Exposure assessment: Individual-level exposure estimates developed based on a job-exposure matrix for each occupation. 



Exposure intensity was estimated based on expected formaldehyde exposure level and frequency of exposure for a worker in that industry or occupation. Exposure probability is the likelihood that formaldehyde was used in assessed in a given industry or occupation.



Duration and timing: Exposure period based on occupational histories prior to cancer diagnosis. Duration of exposure was not evaluated.



Variation in exposure:

Average exposure intensity:

     Level 1 (unexposed)

     Level 2 (low) 

     Level 3 (medium-high)



Average exposure probability:

     Level 1 (unexposed)

     Level 2 (low) 

     Level 3 (medium-high)



Co-exposures: Co-exposures evaluated included: benzene, any chlorinated solvent, dichloroethylene, chloroform, dichloroethane, dichloromethane, methyl chloride, trichloroethylene and carbon tetrachloride.



Statistically significant trends were identified for “Any organic solvent”, “Chlorinated solvents”, benzene, carbon tetrachloride

		Internal comparisons:

Never: OR=1.0 (Ref. value)                  [398]

Ever:   OR=1.3 (1.0-1.7)                       [201]



Average exposure intensity

     Level 1         OR=1.0 (Ref. value)    [398]

     Level 2         OR=1.4 (1.0-1.8)         [129]

     Level 3         OR=1.2 (0.8-1.7)           [74]

                  (p-trend=0.21)



Average exposure probability

     Level 1         OR=1.0 (Ref. value)    [398]

     Level 2         OR=1.3 (1.0-1.7)         [165]

     Level 3         OR=1.4 (0.9-2.3)           [38]

                   (p-trend=0.11)



Average exposure intensity & probability

     Level 1/1     OR=1.0 (Ref. value)    [398]

     Level 2/2     OR=1.4 (1.1-1.9)         [115]

     Level 2/3     OR=1.1 (0.5-2.4)           [14]

     Level 3/2     OR=1.0 (0.7-1.6)           [50]

     Level 3/3     OR=1.6 (0.9-3.1)           [24]



Additional:

Diffuse large B-cell lymphoma

     Ever:            OR=1.9 (1.3-2.6)           [80]



Average exposure intensity

     Level 1         OR=1.0 (Ref. value)      [93]

     Level 2         OR=2.1 (1.4-3.1)           [54]

     Level 3         OR=1.5 (0.9-2.4)           [26]

                  (p-trend=0.03)



Average exposure probability

     Level 1         OR=1.0 (Ref. value)      [93]

     Level 2         OR=1.7 (1.2-2.4)           [60]

     Level 3         OR=2.6 (1.5-4.7)           [20]

                   (p-trend<0.01)



Follicular lymphoma

     Ever:            OR=1.1 (0.7-1.6)           [41]



Average exposure intensity (p-trend=0.88)

     Level 2         OR=1.1 (0.7-1.8)           [25]

     Level 3         OR=1.1 (0.6-1.9)           [16]



Average exposure probability (p-trend=0.81)

     Level 2         OR=1.1 (0.7-1.7)           [35]

     Level 3         OR=0.9 (0.4-2.2)             [6]



Chronic or small lymphocytic leukemia

     Ever:            OR=1.2 (0.7-2.0)           [20]



Average exposure intensity( p-trend=0.45)

     Level 2         OR=1.2 (0.6-2.2)           [35]

     Level 3         OR=1.2 (0.5-2.6)             [8]



Average exposure probability (p-trend=0.52)

     Level 2         OR=1.1 (0.6-2.0)           [16]

     Level 3         OR=1.4 (0.5-4.3)             [4]



		Reference: Beane Freeman et al. (2009) with supplemental online tables.



Population: 25,619 workers employed at 10 formaldehyde using or formaldehyde producing plants in the U.S. followed from either the plant start-up or first employment through 2004. Deaths were identified from the National Death Index with remainder assumed to be living. Vital status was 97.4% complete and only 2.6% lost to follow-up.



Outcome definition: Death certificates used to determine underlying cause of death from non-Hodgkin disease (ICD-8: 200, 202).



Design: Prospective cohort mortality study with external and internal comparison groups.



Analysis: RRs estimated using Poisson regression stratified by calendar year, age, sex, and race; adjusted for pay category compared to workers in lowest exposed category.  Lagged exposures were evaluated to account for cancer latency.



SMRs calculated using sex, age, race, and calendar-year-specific U.S. mortality rates.

	

Related studies:

Blair et al. (1986)

Hauptmann et al. (2003)





		Exposure assessment: Individual-level exposure estimates based on job titles, tasks, visits to plants by study industrial hygienists, and monitoring data from 1966 through 1980.



Median TWA8=0.3ppm (range 0.01-4.3).



Median cumulative exposure=0.6 ppm-years (range 0-107.4).



Multiple exposure metrics including peak, average, and cumulative exposures were evaluated using categorical and continuous data.



Duration and timing: Exposure period from <1946-1980. Median length of follow-up: 42 years. Duration and timing since first exposure were evaluated.



Variation in exposure:

For all variations in exposure:

     Level 1 (unexposed)



Peak exposure:

     Level 2 (>0 to <2.0 ppm)

     Level 3 (2.0 to <4.0 ppm)

     Level 4 (≥ 4.0 ppm)

Average intensity:

     Level 2 (>0 to <0.5ppm)

     Level 3 (0.5 to <1.0 ppm)

     Level 4 (≥ 1.0 ppm)

Cumulative exposure:

     Level 2 (>0 to <1.5 ppm-yrs)

     Level 3 (1.5 to <5.5 ppm-yrs)

     Level 4 (≥5.5 ppm-yrs)



Co-exposures: Exposures to 11 other compounds were identified and evaluated as potential confounders.

		Internal comparisons:

Peak exposure

     Level 1         RR=1.06 (0.53-2.14)     [12]

     Level 2         RR=1.00 (Ref. value)    [39]

     Level 3         RR=1.08 (0.65-1.78)     [27]

     Level 4         RR=0.91 (0.55-1.49)     [28]

     p-trend (exposed) > 0.5;

     p-trend (all) > 0.5



Average intensity

     Level 1         RR=1.08 (0.55-2.12)    [12]

     Level 2         RR=1.00 (Ref. value)   [59]

     Level 3         RR=1.20 (0.73-1.96)    [22]

     Level 4         RR=0.71(0.39-1.32)    [13]

     p-trend (exposed) > 0.5;

     p-trend (all) = 0.40



Cumulative exposure

     Level 1         RR=0.94 (0.46-1.86)    [12]

     Level 2         RR=1.00 (Ref. value)   [60]

     Level 3         RR=0.58 (0.31-1.06)    [13]

     Level 4         RR=0.91 (0.54-1.52)    [21]

     p-trend (exposed) > 0.5;

     p-trend (all) = 0.42



Duration of exposure

No evidence of association (data not shown).



External comparisons:

SMRUnexposed    = 0.86 (0.49-1.52)        [12]

SMRExposed       = 0.85 (0.70-1.05)        [94]



		Reference: Pinkerton et al. (2004)



Population: 11,039 workers in 3 U.S. garment plants exposed for at least 3 months. Women comprised 81.7% of the cohort. Vital status was followed through 1998 with 98.3% completion and only 1.7% lost to follow-up.



Outcome definition: Death certificates used to determine both the underlying cause of death (UCOD) as well as all contributing multiple causes of death (MCOD) from lymphosarcoma and reticulosarcoma (ICD: 200).



Design: Prospective cohort mortality study with external comparison group.



Analysis: SMRs calculated using sex, age, race, and calendar-year-specific U.S. mortality rates.  Results presented here are UCOD unless otherwise noted.



Related studies:

Stayner et al. (1985)

Stayner et al. (1988)

		Exposure assessment: Individual-level exposure estimates for 549 randomly selected workers during 1981 and 1984.  Geometric 8-hr time-weighted average exposures ranged from 0.09-0.20 ppm.  Overall geometric mean concentration of formaldehyde was 0.15 ppm, (GSD 1.90 ppm).  Area measures showed constant levels without peaks.  Historically earlier exposures may have been substantially higher.



Duration and timing: Exposure period from 1955-1983. Median duration of exposure was 3.3 years.  More than 40% exposures <1963.  Median time since first exposure was 31.7 years.  Duration and timing since first exposure were evaluated.



Variation in exposure: Not evaluated



Co-exposures: Study population specifically selected because industrial hygiene surveys at the plants did not identify any chemical exposures other than formaldehyde that were likely to influence findings.

		External comparisons:

SMR=0.85 (0.28-1.99)                              [5]







		Reference: Coggon et al. (2003)



Population: 14,014 British men employed in 6 chemical industry factories which produced formaldehyde.  Cohort mortality followed from 1941 through 2000.  Vital status was 98.9% complete and only 1.1% lost to follow-up.



Outcome definition: Death certificates used to determine cause of deaths from non-Hodgkin’s disease (ICD-9: 200, 202).



Design: Cohort mortality study with external comparison group.



Analysis: SMRs based on English and Welsh age- and calendar-year-specific mortality rates.



Related studies:

Acheson et al. (1984)

Gardner et al. (1993)

		Exposure assessment: Exposure assessment based on data abstracted from company records.  Jobs categorized as background, low, moderate, high, or unknown levels.



Duration and timing: Occupational exposure during 1941-1982. Duration and timing since first exposure were not evaluated.



Variation in exposure:

Time Weighted Average exposure

     Level 1 (low)

     Level 2 (moderate) 

     Level 3 (high)



Co-exposures: Not evaluated. Potential low-level exposure to styrene, ethylene oxide, epichlorhydrin, solvents, asbestos, chromium salts, and cadmium.

		External comparisons:

SMR=0.98 (0.67-1.39)     [31]



Within-study external comparisons:

Worked in ‘High’ exposure jobs

SMR=0.89 (0.41-1.70)       [9]







		Reference: Stellman et al. (1998)



Population: 317,424 U.S. men enrolled in the American Cancer Society’s Cancer Prevention Study II during 1982 with sufficient data on occupation.  Cohort mortality followed until August 1988 with 98% complete follow-up. 



Outcome definition: Death certificates used to determine cause of deaths from non-Hodgkin lymphoma (ICD-9: 200, 202).



Design: Prospective cohort study with internal comparison group.



Analysis: RR calculated using Poisson regression controlling for sex, age, age smoking.

		Exposure assessment: Individual-level exposure ascertained from questionnaire on occupation with specific exposure to formaldehyde based on checkbox.  Formaldehyde analyses limited to workers not in wood-related occupations.



Duration and timing: Occupational exposures prior to 1982.  Timing of formaldehyde exposure not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Wood dust excluded.

		Internal comparisons:

RR=0.92 (0.50-1.68)                            [11]









		Reference: Hansen and Olsen (1995)



Population: 2,041 men with cancer who were diagnosed during 1970-1984 and whose longest work experience occurred at least 10 years before cancer diagnosis. Identified from the Danish Cancer Registry and matched with the Danish Supplementary Pension Fund.  Ascertainment considered complete.  Pension record available for 72% of cancer cases.



Outcome definition: Non-Hodgkin’s lymphoma (ICD-7: 200, 202) listed on Danish Cancer Registry file. 



Design: Proportionate incidence study with external comparison group.



Analysis: Standardized proportionate incidence ratio (SPIR) calculated as the proportion of cases for a given cancer in formaldehyde-associated companies relative to the proportion of cases for the same cancer among all employees in Denmark. Adjusted for age and calendar time.

		Exposure assessment: Individual occupational histories including industry and job title established through company tax records linked to the national Danish Product Register.



Subject were considered to be exposed to formaldehyde if: 1) they had worked in an industry known to use more than 1 kg formaldehyde per employee per year; and 2) subjects longest single work experience (job) in that industry since 1964 was ≥10 years prior to cancer diagnosis



All subjects were stratified based on job title as either low exposure (white-collar worker), above background exposure (blue-collar worker), or unknown (job title unavailable).



Duration and timing: Exposure period not stated.  Based on date of diagnosis during 1970-1984, and the requirement of exposure more than 10 years prior to diagnosis, the approximate period was 1960-1974.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated.

		External comparisons:

Overall (exposure to formaldehyde ≥10 years prior to cancer diagnosis)



SPIR=0.9 (0.6-1.2)                                   [32]



		Reference: Dell and Teta (1995)



Population: 5,932 men employed at a New Jersey plastics manufacturing plant for at least 7 months during 1946-1967. Cohort mortality followed through 1988.

Vital status was 94% complete and only 6% lost to follow-up. Death certificates obtained for 98%.



Outcome definition:  Death certificates used to determine underlying cause of death from lymphosarcoma and reticulosarcoma based on ICD code at time of death.



Design: Cohort mortality study with external comparison group.



Analysis: SMRs calculated using sex, race, age and calendar-year-expected numbers of deaths from the U.S. and local populations.

		Exposure assessment: Presumed exposure to formaldehyde known to be used in the plant.  



Duration and timing: Exposures during 1946-1967. Duration and timing since first exposure were not evaluated.



Variation in exposure:

By department: Plant services and Research & Development.



By pay status: salaried and hourly.



Co-exposures: Not evaluated but co-exposures included asbestos, and polyvinyl chloride, carbon black, epichlorohydrin, acrylonitrile, and styrene.

		External comparisons:

All salaried workers

SMR=0.55 (0.11-1.60)     [3]



Research & Development: Hourly workers

SMR=1.26 (0.26-2.67)     [3]







		Reference: Blair et al. (1993)



Population: White men, identified from the Iowa cancer registry and the Minnesota hospital surveillance network during 1980-1983.  Participation of eligible cases was 87% and approximately 77-79% for controls.



Outcome definition: Diagnosis of non-Hodgkin lymphoma was confirmed by pathology review for all cases.  



Design: Population-based case-control study of 546 white men. 1,087 controls were frequency-matched on 5-yr age groups, vital status and state.



Analysis: ORs calculated for job titles, employment duration and exposure intensity using polytomus unconditional logistic regression controlling for age, state, direct/surrogate response and co-exposures – including smoking. 

		Exposure assessment: Individual-level exposure estimates developed based on a job-exposure matrix for each industry and job and held for more than 1 year since the age of 18 years. 



Exposure intensity and probability assessed for formaldehyde and other exposures.  Exposure intensity refers to the level likely experienced and considered an 8-hour time-weighted average over a year.



Duration and timing: Exposure period based on occupational histories prior to 1983. Duration of exposure was evaluated.



Variation in exposure:

Intensity of exposure:

     Level 1 (unexposed)

     Level 2 (lower) 

     Level 3 (higher)



Probability of exposure:

     Level 1 (unexposed)

     Level 2 (low) 

     Level 3 (high)



Co-exposures: Co-exposures evaluated included: benzene, other organic solvents, petroleum-based oil and greases, cooking oils, ionizing radiation, dusts, gasoline and diesel vapors and exhausts, paints, asbestos, electromagnetic fields, metals, asphalt, tar products, cattle, fresh meat and solder fumes.

		Internal comparisons:

OR=1.2 (0.9-1.7)                                  [84]



Intensity of exposure

     Level 1         OR=1.0 (Ref. value)  [462]

     Level 2         OR=1.2 (0.9-1.7)         [78]

     Level 3         OR=1.3 (0.5-3.8)           [6]

 

Probability of exposure and cumulative exposure were reported to have similar patterns as intensity of exposure (data not reported)



Additional:

Follicular non-Hodgkin lymphoma

Intensity of exposure:

     Level 1         OR=1.0 (Ref. value)  [518]

     Level 2         OR=1.4 (0.8-2.2)         [27]

     Level 3         OR=0.6 (0.1-5.1)           [1]



Diffuse non-Hodgkin lymphoma

Intensity of exposure:

     Level 1         OR=1.0 (Ref. value)  [516]

     Level 2         OR=1.3 (0.8-2.2)         [27]

     Level 3         OR=2.3 (0.6-8.6)           [3]



Other non-Hodgkin lymphoma

Intensity of exposure:

     Level 1         OR=1.0 (Ref. value)  [520]

     Level 2         OR=1.0 (0.6-1.6)         [24]

     Level 3         OR=1.2 (0.3-5.8)           [2]





		Reference: Hayes et al. (1990)  



Population: 4,046 deceased U.S. male embalmers and funeral directors, derived from licensing boards and funeral director associations in 32 states and the District of Columbia who died during 1975-1985. Death certificates obtained for 79% of potential study subjects (n=6,651) with vital status unknown for 21%.



Outcome definition:  Death certificates and licensing boards used to determine cause of death from non-Hodgkin’s lymphoma (ICD-8: 200, 202).



Design: Proportionate mortality cohort study with external comparison group.



Analysis: PMRs calculated using sex, race, age, and calendar-year-expected deaths from the U.S. population.

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.  Exposure based on occupation which was confirmed on death certificate.  Authors subsequently measured personal embalming exposures ranging from 0.98 ppm (high ventilation) to 3.99 ppm (low ventilation) with peaks up to 20 ppm.



Authors state that major exposures are to formaldehyde and possibly gluteraldehyde and phenol.



Duration and timing: Occupational exposure preceding death during 1975-1985.  Of 115 deaths from lymphohematopoietic cancer, 66 (57%) were aged 60-74 years. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated. 

		External comparisons:

PMR=1.26 (0.87-1.76)                         [34]



		Reference: Matanoski (1989)



Population: 3,644 deceased U.S. male pathologists, derived from membership rolls of the American Association of Pathologists and Bacteriologists (1900-), the American Society for Experimental Pathology (1913-), and the American Medical Association (1912−1950). Mortality was followed through 1978. Death certificates obtained for 94% of potential study subjects (n=3,425), 3% from obituary notices (n=101) and 3% presumed dead (n=118).



Outcome definition: Death certificates and obituary notices used to determine cause of death from lymphosarcoma or reticulosarcoma (ICD-8: 200).



Design: Prospective mortality cohort study with two external comparison groups.  The first comparison group was the U.S. male population and deaths were limited to 1950-1978.  The second comparison group was comprised of members of a professional society of psychiatrists with deaths from 1925-1978.



Analysis: SMRs calculated using sex, race, age, and calendar-year-expected deaths from the U.S. population and psychiatrists.

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.  



Duration and timing: Occupational exposure preceding death during 1900-1978. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated.

		External comparisons:



Compared to the U.S. male population

SMR=1.31 (0.66-2.35)                          [11]



Compared to the psychiatrists

SMR=1.11 (0.65-1.79)†                         [15]



†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)



		Reference: Gerin et al. (1989)



Population: Male residents of Montreal, Canada aged 35-70 years. 4,510 eligible incident cancer cases were identified during 1979-1985 from 19 major area hospitals which report to the Quebec Tumor Registry over 97% of all cancer diagnoses from the Montreal area.  Interviews and questionnaires completed for 3,726 subjects (83% of eligible cases). 18% of interviews were completed by next-of-kin.



Outcome definition: Histologically confirmed diagnosis of non-Hodgkin’s lymphoma (ICD: 200 or 202)



Design: Population-based case-control study of 206 formaldehyde exposed men with non-Hodgkin lymphoma. Cases were compared with two groups; first, against other cancer cases excluding those diagnosed with lung cancer or Hodgkin (n=2,599), and second against 533 male population controls selected from electoral list in the Montreal area.



Analysis: ORs calculated by levels of a composite exposure index using logistic regression controlling for age, ethnic group, socio-economic status, smoking, and dirtiness of jobs held (white vs. blue collar).



Related studies:

Siemiatycki et al. (1987)

		Exposure assessment: Individual-level exposure estimates developed based on a complete and detailed occupational history ascertained by interviewers using a standardized questionnaire.  A team of chemists and hygienists translated each job into a list of potential formaldehyde exposures based on their confidence level, the frequency of exposure, and the duration of exposure. 



An exposure index was created based on the product of concentration, duration and confidence.  This index was modified by the duration of exposure to form four exposure categories: short (<10 yrs); long-low (>10 yrs, low exposure index); long-medium (>10 yrs, medium exposure index); long-high (>10 yrs, high exposure index).



Duration and timing: Exposure period based on occupational histories prior to cancer diagnosis. Duration of exposure was evaluated.



Variation in exposure:

Level of exposure index:

     Level 1 (unexposed)

     Level 2 (short) 

     Level 3 (long-low)

     Level 4 (long-medium)

     Level 5 (long-high)



Co-exposures: Additional occupational and non-occupational potential confounders were included when the estimated exposure-disease OR changed by more than 10%.

		External comparisons:

Compared to other cancers



Level of exposure index

     Level 1         OR=1.0 (Ref. value)  [2,599] 

     Level 2         OR=0.8 (0.4-1.5)            [13]

     Level 3         OR=1.3 (0.7-2.4)            [15]

     Level 4         OR=0.8 (0.5-1.5)            [14]

     Level 5         OR=0.7 (0.3-1.9)              [5]



Compared to population controls



Level of exposure index

     Level 1         OR=1.0 (Ref. value)  [2,599] 

     Level 2         OR=0.7 (0.3-1.6)            [13]

     Level 3         OR=1.1 (0.5-2.2)            [15]

     Level 4         OR=1.0 (0.5-2.1)            [14]

     Level 5         OR=0.5 (0.1-1.7)              [5]







		Reference: Robinson et al. (1987)



Population: 2,283 plywood mill workers employed at least one year during 1945-1955 followed for mortality until 1977 with vital status for 98% and death certificates for 97% of deceased.



Outcome definition: Death certificates used to determine underlying cause of death from lymphosarcoma or reticulosarcoma as coded by trained nosologist using ICD-7: 200.



Design: Prospective cohort mortality study with external comparison group.  A subcohort of 818 men co-exposed to formaldehyde and pentachlorophenol were also evaluated.



Analysis: SMRs calculated using sex, age, race, and calendar-year-specific U.S. mortality rates.

		Exposure assessment: Presumed exposure to formaldehyde-based glues used to manufacture and patch plywood.  Sub-cohort of 818 men co-exposed to formaldehyde and pentachlorophenol worked for one year or more in the relevant exposure categories of veneer pressing and drying, glue mixing, veneer and panel gluing and patching.



Duration and timing: Exposures during 1945-1955. Duration and timing since first exposure were not evaluated.



Variation in exposure: 

Duration of exposure

Latency (time since first exposure)



Co-exposur1es: Pentachlorophenol

		External comparisons:



Whole cohort of mill workers (n=2,283)

SMR=1.03(0.35-2.35)                       [4]



Sub-cohort of highly exposed workers (n=818)

SMR=2.50(0.68-6.46)                       [3]













		Reference: Stroup et al. (1986)



Population: 2,239 white male members of the American Association of Anatomists from 1888−1969 who died during 1925−1979. Death certificates obtained for 91% with 9% lost to follow-up.



Outcome definition:  Lymphosarcoma or reticulosarcoma (ICD-8: 200) listed as cause of death on death certificates during 1950-79.



Design: Cohort mortality study with external comparison group.



Analysis: SMRs calculated using sex, race, age, and calendar-year-expected number of deaths from the U.S. population. 

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.



Duration and timing: Occupational exposure preceding death during 1925-1979.  Median birth year was 1912.  By 1979, 33% of anatomists had died. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated. 

		External comparisons:

SMR= 0.7 (0.1-2.5)                                [2]







		Reference: Walrath and Fraumeni (1984)



Population: 1,007 deceased white male embalmers from the California Bureau of Funeral Directing and Embalming who died during 1925-1980.  Death certificates obtained for all. 



Outcome definition:  Lymphosarcoma or reticulosarcoma (ICD-8: 200) listed as cause of death on death certificates.



Design: Proportionate mortality cohort study with external comparison group.



Analysis: PMRs calculated using sex, race, age and calendar-year-expected number of deaths from the U.S. population. 

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.



Duration and timing: Occupational exposure preceding death during 1916-1978.  Birth year ranged from 1847-1959.  Median age of death was 62 years.  Most deaths were among embalmers with active licenses. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated.  

		External comparisons:

Observed: 3 death from lymphosarcoma/reticulosarcoma

Expected: 3.1 deaths from lymphosarcoma/reticulosarcoma



PMR= 0.97 (0.25-2.63)†                       [3]



†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)



		Reference: Walrath and Fraumeni (1983b)



Population: 1,132 deceased white male embalmers licensed to practice during 1902-1980 in New York who died during 1925-1980 identified from registration files.  Death certificates obtained for 75% of potential study subjects (n=1,678).



Outcome definition:  Lymphosarcoma or reticulosarcoma (ICD-8: 200) listed as cause of death on death certificates.



Design: Proportionate mortality cohort study with external comparison group.



Analysis: PMRs calculated using sex, race, age, and calendar-year-expected numbers of deaths from the U.S. population. 

		Exposure assessment: Presumed exposure to formaldehyde tissue fixative.



Duration and timing:

Occupational exposure preceding death during 1902-1980.  Median year of birth was 1901.  Median year of initial license was 1931.  Median age at death was 1968.  Expected median duration of exposure was 37 years. Duration and timing since first exposure were not evaluated.



Variation in exposure: Not evaluated.



Co-exposures: Not evaluated.  

		External comparisons:

PMR= 1.08 (0.39-2.36)†                       [5]



†Note: EPA derived CIs using the Mid-P Method (See Rothman and Boice, 1979)
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